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The  fast-changing  world  energy  situation  could  significantly  in- 
fluence the  nature  of  future  international  conflicts  and  the  effec- 
tiveness with  which  the  United  States  Air  Force  could  execute  its  mis- 
sions. The  "energy  issue"  has  assumed  a prominent  position  in  both 
short-  and  long-term  Air  Force  planning.  Uncertainties  in  the  future 
availability  and  economics  of  crude-oil-based  jet  fuels  pose  a partic- 
ular challenge  to  the  Air  Force,  the  largest  DoD  consumer  of  jet  fuel. 
To  meet  this  challenge,  the  Air  Force  will  be  obliged  to  undertake 
measures  to  conserve  jet  fuel  in  the  short  term  and  to  develop  a fu- 
ture capability  for  using  jet  fuels  derived  from  alternatives  to  crude 
oil . 

In  response  to  a joint  request  by  the  former  Vice  Chief  of  Staff 
(General  R.  H.  Ellis),  the  Project  RAND  Air  Force  Advisory  Group,  and 
the  former  Air  Force  Chief  Scientist  (Dr.  Michael  Yarymovych)  in  his 
capacity  as  chairman  of  the  Air  Force  Energy  R&D  Steering  Group,  a 
research  effort  was  mounted  at  Rand  for  the  purpose  of  identifying 
R&D  activities  that  might  provide  (1)  a short-term  reduction  in  the 
Air  Force's  consumption  of  crude-oil-based  jet  fuels  and  (2)  a long- 
term noncrude-oil-based  fuel  option  for  future  aircraft  development 
programs. 

This  report  assesses  the  cost  recovery  potential  and  energy  effi- 
ciency of  selected  technological  modifications  (engine  retrofits  and 
aerodynamic  changes)  to  existing  aircraft  in  the  Air  Force  fleet  to 
reduce  present  fuel  consumption.  For  the  long  term,  an  assessment  is 
made  of  (1)  domestic  energy  resource  alternatives  to  crude  oil  that 
might  be  suitable  for  the  production  of  jet  fuels,  (2)  the  most  de- 
sirable fuel  forms  derivable  from  those  resources,  and  (3)  the  tech- 
nological prospects  and  benefits  of  developing  the  capability  to  pro- 
duce these  fuels  for  use  in  Air  Force  engines. 

This  report  and  a companion  report  that  examines  the  military 

William  T.  Mikolowskv  and  Earrv  W.  Noggle,  ‘ ■ •’ 
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utility  of  large  airplanes  using  alternative  fuels  constitute  a 
unified  treatment  of  Rand's  energy  research  activities  for  the  Air 
Force.  This  report  should  be  useful  to  the  Air  Force  Aero-Propulsion 
Laboratory,  the  Air  Force  Systems  Command,  and  such  Air  Staff  offices 
as  DCS/Research  and  Development,  particularly  AF/RDQPN,  which  served 
as  the  Office  of  Primary  Responsibility  for  this  research.  The  work 
was  performed  under  the  Project  RAND  project  entitled  Technology  Ap- 
plications Research. 

J.  P.  Weyant,  a contributor  to  this  report,  is  a consultant  to 
The  Rand  Corporation. 
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SUMMARY 


Crude  oil  has  been  the  only  fuel  source  for  aircraft  propulsion 
to  date  because  it  has  been  in  abundant  supply,  has  been  relatively  in- 
expensive, and  has  very  attractive  physical  properties.  However,  over 
the  next  50  years,  the  present  geopolitical  imbalance  of  crude-oil  re- 
sources will  be  exacerbated  by  the  continued  depletion  of  oil  reserves. 

As  these  supplies  diminish,  prices  will  escalate  and  availability  will 
become  less  certain  both  at  home  and  abroad.  As  a consequence,  the  Air 
Force  will  need  to  consider  ways  to  reduce  its  consumption  of  crude- 
oil-based  jet  fuels  in  existing  and  in  new  equipment  and  might  possibly 
have  to  develop  propulsion  systems  capable  of  operating  on  jet  fuels 
derived  from  energy  resource  alternatives  to  crude  oil. 

Since  the  Air  Force  is  already  working  vigorously  to  modify  peace- 
time operations  to  conserve  energy  in  the  short  term,  as  well  as  exam- 
ining the  long-term  prospects  for  new  fuel-conservative  aircraft  designs, 
this  report's  primary  focus  is  on  two  technological  options  that  have 
received  less  attention  thus  far  and  that  could  reduce  consumption  of 
crude-oil-based  jet  fuels.  Within  this  framework,  the  overall  objec- 
tive of  this  report  is  to  identify  and  assess  the  possible  benefits  of 
R&D  programs  that  might  provide  (1)  a short-term  reduction  in  Air  Force 
jet  fuel  consumption  through  selected  aerodynamic  and  propulsion  modi- 
fications to  the  existing  fleet  and  (2)  a long-term  noncrude-oil-based 
fuel  option  that  could  be  exercised  in  future  aircraft  development 
programs . 

A PERSPECTIVE 

The  world  supply  of  recoverable  fossil  energy  resources  is  limited 
and  not  uniformly  distributed.  In  the  case  of  crude  oil,  nearly  three- 
quarters  of  the  measured  and  indicated  reserves  are  in  the  Middle  East, 
North  Africa,  the  Soviet  Union,  and  Eastern  Europe.  United  States  pro- 
duction of  crude  oil  has  been  declining  in  recent  years  and  at  the 
present  time  over  40  percent  of  the  crude  oil  that  we  consume  is  imported. 
Even  with  full  development  of  oil  from  the  Alaskan  north  slope  and  the 
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outer  continental  shelf,  and  the  use  of  enhanced  recovery  techniques, 
the  Energy  Research  and  Development  Administration  (ERDA)  indicates 
that,  at  best,  U.S.  domestic  crude-oil  production  might  remain  at  to- 
day's levels  between  now  and  the  end  of  the  century.  Nevertheless, 
domestic  demands  for  liquid  fuels  are  expected  to  increase  significantly, 
even  with  aggressive  conservation  efforts.  A continuation  of  the  present 
trend  of  closing  the  gap  between  supply  and  demand  by  importing  increas- 
ing quantities  of  crude  oil  might  potentially  threaten  the  policy  inde- 
pendence, national  security,  and  economic  health  of  this  nation.  As  a 
consumer  of  energy,  a developer  of  technology,  and  a protector  of  the 
national  interest,  there  are  several  short-  and  long-term  options  open 
to  the  Air  Force  that  could  reduce  its  future  consumption  of  crude-oil- 
based  jet  fuels. 


SHORT-TERM  TECHNOLOGICAL  MODIFICATIONS  TO  REDUCE  JET  FUEL  CONSUMPTION 

We  have  examined  the  cost  and  energy  consequences  of  selected  pro- 
pulsion and  aerodynamic  modifications  that  might  reduce  the  fuel  consump- 
tion of  the  Air  Force  fleet.  The  cost  recovery  potential  is  measured 
in  an  energy  context  by  comparing  the  savings  in  jet  fuel  expenditures 
with  the  cost  of  performing  the  modification.  Energy  efficiency  is 
measured  by  comparing  the  savings  in  jet  fuel  energy  with  the  energy 
required  for  manufacturing  and  installing  fuel-conservation  devices. 

Analysis  of  the  engine  retrofitting  option  for  the  four  leading 
jet  fuel  consumers  of  the  Air  Force  fleet,  the  C-141,  B-52,  F-4,  and 
K.C-135,  indicates  that 

1.  Such  an  option  could  save  considerable  energy  compared  to  the 
energy  required  to  manufacture  and  install  new  engines,  and 

2.  Even  if  jet  fuel  prices  were  to  triple  in  constant  dollar  terms 
between  now  and  the  end  of  the  century,  savings  in  jet  fuel  ex- 
penditures would  not  be  adequate  to  offset  engine  retrofit  costs. 

Most  Air  Force  airplanes  have  engines  developed  in  the  late  1950s 
and  early  1960s.  Retrofit  of  newer,  more  efficient  engines  could  re- 
sult in  a 20  to  30  percent  reduction  in  fuel  consumption,  which  would 


more  than  offset  the  energy  required  to  manufacture  and  install  the  en- 
gines. However,  the  reductions  in  expenditures  for  jet  fuel  would  not 
be  sufficient  to  recover  the  costs  of  the  retrofit  because  of  three 
major  factors:  (1)  the  high  procurement  costs  for  the  new  engines;  (2) 

the  low  level  of  peacetime  flying  hours  for  military  aircraft;  and  (3) 
the  advanced  age  of  the  average  aircraft  by  the  time  the  retrofit  pro- 
gram was  completed  (average  fleet  ages  would  be  about  15  years  or  more) . 

These  fasts  lead  us  to  conclude  that  any  proposal  attempting  to 
Justify  the  cost  effectiveness  of  the  engine  retrofitting  option  will 
have  to  consider  not  only  reduced  expenditures  for  Jet  fuel  hut  also  the 
possible  operational  advantages  offered  by  enhancements  in  capability 
(e.g.,  greater  range)  or  reductions  in  fleet  size  at  equal  capability . 

We  have  also  investigated  the  utility  of  modest  aerodynamic  changes 
that  have  been  proposed  for  some  transport-class  Air  Force  aircraft — 
the  C-141  and  the  C-130 — to  reduce  drag  and  hence  reduce  fuel  consump- 
tion. Analysis  of  this  option  indicates  that 

1.  Aerodynamic  modifications  can  save  modest  amounts  of  energy, 
even  after  considering  the  energy  required  to  effect  the 
modifications,  and 

2.  If  made  early  in  the  life  cycle  of  an  aircraft,  savings  in 
jet  fuel  expenditures  can  offset  the  costs  of  modest  aerody- 
namic modifications. 

Adding  drag-reducing  wing  fillets  to  an  unstretched  C-141A  and 
removing  its  vortex  generators  could  reduce  fuel  consumption  by  as 
much  as  8 percent.  Our  analysis  indicates  that  such  a modification 
could  save  more  energy  than  that  required  for  the  modification. 

In  the  late  1960s,  such  a modification  was  estimated  to  cost  about 
$120,000  per  aircraft  (1974  dollars).  At  this  price,  savings  in  jet 
fuel  expenditures  would  clearly  offset  the  cost  of  the  modification. 

If  costs  were  to  rise  to  $250,000  to  $400,000  per  aircraft  (1974 
dollars)  to  accomplish  the  modification,  there  is  some  doubt  as  to 
whether  savings  in  fuel  expenditures  could  offset  modification  costs 
before  the  fleet  reached  the  end  of  its  useful  life.  Nevertheless, 
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further  exploration  of  the  cost  of  an  aerodynamic  modification  and  a 
determination  of  the  additional  years  the  C-141A  is  to  be  kept  in 
service  seem  desirable. 

Modifications  to  the  afterbody  of  the  C-130  have  also  been  proposed, 
to  reduce  aerodynamic  drag  an  estimated  3 to  9 percent,  depending  on 
the  extensiveness  of  the  modifications.  Such  modifications  would  re- 
sult in  net  savings  in  energy,  but  it  is  unlikely  that  costs  could  be 
recovered  through  savings  in  jet  fuel  expenditures  because  of  the  ad- 
vanced age  of  most  of  the  C-130  fleet. 

The  Air  Force  is  currently  testing  the  drag  reduction  potential  of 
winglets  using  the  KC-135  as  a test  bed.  The  cost  and  energy  effective- 
ness of  this  modification  will  have  to  be  assessed  after  the  test  pro- 
gram is  concluded. 

Prospects  for  reducing  energy  use  by  modifying  aerodynamic  charac- 
teristics and  offsetting  the  modification  costs  through  savings  in  get 
fuel  expenditures  do  not  appear  to  be  particularly  attractive  for  air- 
craft currently  in  the  fleet  (with  the  possible  exception  of  a C-141 
modification) . Nevertheless , the  relatively  lower  cost  of  aerodynamic 
modifications  compared  to  engine  retrofits  and  the  potential  5 to  10 
percent  reductions  in  fuel  consumption  lead  us  to  conclude  that  the 
option  may  be  viable  for  future  aircraft  if  modifications  are  accom- 
plished early  enough  in  the  aircraft  life  cycle  to  all~J  cost  recovery. 

FUEL  ALTERNATIVES 


Assessment  of  Alternatives 

The  recent  three  year  time  period  during  which  large  increases  in 
jet  fuel  prices  have  occurred  stands  in  stark  contrast  to  the  25  to  50 
year  time  period  spanning  basic  research  through  operational  usage  that 
is  typical  of  the  development  and  implementation  of  new  propulsion  con- 
cepts. The  Air  Force,  therefore,  must  be  acutely  attuned  today  to  the 
possibility  that  in  the  future  it  may  have  to  resort  to  an  alternative 
fuel  that  may  require  either  the  modification  of  existing  engine  hard- 
ware or  even  the  introduction  of  a new  generation  of  aircraft  engines. 
Our  initial  research  on  alternative  fuels  sought  to  identify  the  most 
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promising  energy  resource  alternatives  to  crude  oil  that  could  be  used 
for  the  production  of  new  jet  fuels  and  to  determine  the  most  attrac- 
tive fuel  forms. 

Analysis  of  the  alternative  fuels  option  indicates  that 

1.  Domestically  abundant  oil  shale  and  coal  are  the  most  promis- 
ing energy  resource  alternatives  to  crude  oil  that  could  be 
used  for  the  production  of  future  military  jet  fuels  into  the 
next  century,  and 

2.  A synthetic  jet  fuel,  or  synthetic  JP,  similar  to  conventional 
hydrocarbon  jet  fuels  in  use  today,  is  the  most  attractive 
military  fuel  form  derivable  from  U.S.  oil  shale  or  coal  re- 
sources, given  the  energy  conversion  technology  that  is  ex- 
pected to  be  available  in  the  future. 

An  analysis  of  the  cost  and  energy  efficiency  of  the  production 
and  distribution  of  jet  fuels  from  coal  revealed  that  a synthetic  JP 
fuel  would  require  lower  energy  expenditures  and  would  result  in  a less 
costly  fuel  product  than  the  other  two  major  alternatives — the  cryogenic 
fuels  liquid  hydrogen  and  liquid  methane.  Synthetic  JP  also  has  the 
advantage  of  being  far  more  similar  to  jet  fuels  in  use  today  than  the 
two  cryogenic  alternatives,  which  should  ease  transitional  problems 
for  military  users  and  promote  its  assimilation  into  a domestic  fuels 
market  now  dominated  by  crude-oil-based  fuels. 

A related  mission  analysis  of  large  transport-class  airplanes 
(with  gross  weights  of  1 to  2 million  pounds)  fueled  by  synthetic  JP, 
liquid  hydrogen,  liquid  methane,  or  nuclear  propulsion  has  indicated 
that  for  a broad  class  of  present  and  future  mission  applications,  a 
synthetic- JP-fueled  aircraft  enjoys  a significant  advantage  in  terms 

"A 

of  cost  and  energy  effectiveness.  Nuclear  propulsion  begins  to  look 
attractive  only  for  station-keeping  missions  that  require  large  station 
radii  (greater  than  4000  n mi)  and  extremely  long  loiter  times  on 

•k  . 
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station  (e.g.,  hundreds  of  hours).  At  present,  no  missions  requiring 
such  a capability  are  apparent.  Analysis  suggests  that  liquid-hydrogen- 
fueled  military  aircraft  would  become  attractive  only  if  there  were 
dramatic  reductions  in  the  energy  requirements  and  costs  for  liquefying 
gaseous  hydrogen.  Projections  of  possible  advances  in  hydrogen  lique- 
faction technology  by  liquid  hydrogen  manufacturers  indicate  that  such 
dramatic  improvements  are  not  likely  to  be  forthcoming. 

Despite  the  attractive  features  of  synthetic  JP , there  are  definite 
resource,  capacity,  environmental,  government  policy,  and  international 
factors  that  could  tend  to  limit  its  availability  in  the  future.  None- 
theless, our  research  results  suggest  that  there  is  a strong  likelihood 
that  a coal  and  oil-shale  synthetic  fuels  industry  could  develop  in  the 
United  States  between  1990  and  2025,  and  that  the  switch  from  crude- 
oil-based  jet  fuels  to  coal-  or  oil-shale-based  fuels  in  this  time 
period  would  be  dictated  by  comparative  economics  rather  than  by  a to- 
tal lack  of  availability  of  crude  oil. 

Implications  for  Synthetic  Jet  Fuel  R&D 

The  latter  stages  of  our  research  on  alternative  fuels  focused  on: 
(1)  the  identification  of  R&D  needed  to  develop  the  synthetic  jet  fuel 
option;  (2)  the  delineation  of  conditions  under  which  it  may  become 
necessary  to  change  to  fuel  and/or  engine  technologies  that  are  not 
totally  dependent  on  crude  oil  as  an  energy  source;  and  (3)  an  assess- 
ment of  the  possible  benefits  to  the  Air  Force  resulting  from  the  de- 
velopment of  a synthetic  jet  fuel  propulsion  capability. 

Our  findings  indicate  that 

1.  Significant  R&D  is  needed  to  develop  the  synthetic  jet  fuel 
option  for  the  future,  at  least  part  of  which  will  probably 
have  to  be  conducted  by  the  Air  Force  to  assure  a suitable  fuel 
product  for  military  use.  An  aggressive  program  of  basic  re- 

•k 

search  should  probably  begin  now,  considering  the  25  to  50 

k 

A limited  amount  of  Air  Force  research  in  this  general  area  is 
already  being  conducted  by  the  Air  Force  Aero-Propulsion  Laboratory 
and  one  of  its  contractors,  the  Exxon  Research  and  Engineering  Company. 
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year  life  cycle  of  propulsion  technology,  and  considering  the 
foreboding  projections  on  the  availability  of  domestic  crude 
oil  in  the  future. 

2.  The  R&D  should  focus  on  developing  a full  understanding  of  the 
physical,  chemical,  and  economic  influences  of  synthetic  jet 
fuels  on  refinery  operations  and  on  military  jet  engines. 

3.  Any  characterization  of  possible  economic  benefit  to  the  Air 

Force  from  possession  of  a multifuel  capability  is  subject  to 

great  uncertainty,  because  of  the  influence  that  the  foreign 

oil  cartel  may  be  able  to  exert  on  the  energy  conservation  and 

supply  options  that  are  developed  domestically  in  the  future. 

If  the  foreign  oil  cartel's  price-setting  effectiveness  does 

■& 

not  diminish  in  the  future,  the  1980  present  value  benefit 
to  the  Air  Force  between  1995  and  2020  of  being  able  to  pro- 
cure the  cheapest  jet  fuel  alternative  could  amount  to  roughly 
$1  billion  (1974  dollars).  Conversely,  if  the  cartel's  price- 
setting effectiveness  does  diminish,  which  could  delay  the  in- 
troduction of  synthetic  fuels  in  the  United  States,  any  economic 
benefit  from  possession  of  a multifuel  capability  would  be  so 
delayed  that  the  1980  present  value  benefit  would  be  negligible. 

The  R&D  activities  outlined  above  should  reveal  the  proper  tech- 
nology balance  between  emphasis  on  energy  conversion  (e.g.,  the  re- 
finery) and  on  energy  use  (e.g.,  the  military  jet  engine).  Success  in 
these  R&D  activities  alone,  however,  will  not  assure  that  the  synthetic 
jet  fuel  option  can  be  exercised  in  the  future,  since  the  R&D  policies 
adopted  by  ERDA  and  by  the  private  sector  will  in  large  part  determine 
the  future  availability  of  technologies  for  producing  synthetic  crude 
oils  suitable  for  refining  to  jet  fuels.  Furthermore,  even  if  the 
technologies  are  developed,  their  possible  commercialization  will  be 
heavily  influenced  by  world  oil  prices,  and  particularly  by  the  price- 
setting effectiveness  of  the  foreign  oil  cartel. 

•k 

The  present  value  economic  benefit  is  referenced  to  1980  because 
that  is  when  the  major  R&D  expenditures  would  likely  have  to  commence. 
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Since  the  economic  benefit  to  the  Air  Force  from  possessing  a multi- 
fuel capability  is  so  sensitive  to  future  trends  in  world  oil  prices, 
three  alternative  scenarios  on  the  price  of  imported  crude  oil  were 
considered  in  the  benefit  assessment.  It  the  price  of  imported  oil 
were  to  rise  to  $19.50  per  barrel  (1974  dollars)  by  the  year  2000,  the 
1980  present  value  benefit  of  the  multifut  1 capability  between  1995 
and  2020  could  amount  to  roughly  $1.9  billion  (1974  dollars).  The  $1 
billion  benefit  previously  cited  is  assumed  to  result  if  the  price  of 
oil  rises  to  $15  per  barrel, (1974  dollars)  by  the  year  2000.  If,  how- 
ever, the  foreign  oil  cartel  were  to  lose  its  price-setting  effective- 
ness, resulting  in  an  assumed  year  2000  price  of  $9  per  barrel  (1974 
dollars)  , any  economic  benefit  stemming  from  a multifuel  capability 
could  be  delayed,  and  hence,  be  negligible  in  1980  present  value  terms, 
since  the  direct  economic  stimulus  for  the  development  of  a synthetic 
fuels  industry  would  be  delayed.  However,  in  this  circumstance,  the 
United  States  could  find  itself  in  the  undesirable  situation  of  having 
to  import  90  percent  of  its  crude  oil  by  2020,  with  all  the  attendant 
national  security  and  economic  problems. 

If  the  foreign  oil  cartel  continues  strong,  and  if  a synthetic 
fuels  industry  is  developed  in  the  United  States,  a policy  of  relying 
solely  on  crude  oil  for  jet  fuel  needs  could  place  the  Air  Force  in, 
at  best,  an  awkward  marketplace  negotiating  posture  by  the  turn  of  the 
century.  Furthermore,  by  the  time  other  energy  users  begin  shifting 
to  coal  and  shale  oil,  crude  oil  in  the  low  extraction  cost  category 
will  have  been  depleted. 

CONCLUSIONS 

Analysis  of  short-term  and  long-term  Air  Force  options  for  re- 
ducing consumption  of  crude-oil-based  jet  fuel  has  indicated  that  an 
aerodynamic  modification  for  the  C- 141  may  still  be  an  attractive  fuel- 
conserving  modification,  depending  on  the  additional  number  of  years 
the  C-141  force  is  to  be  kept  in  service  and  the  cost  of  the  aerodynamic 
modification.  Some  additional  exploration  of  botli  these  questions 
appears  warranted.  Technological  modification  of  other  aircraft  in  the 
present  Air  Force  inventory  does  not  seem  to  be  warranted  in  view  of 
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the  cost  and  the  limited  potential  returns  that  are  in  large  part  driven 
by  the  low  annual  utilization  rate  for  military  aircraft  and  the  ad- 
vanced age  of  the  fleet.  It  seems  that  the  only  major  way  that  tech- 
nology can  potentially  contribute  to  reductions  in  Air  Force  consump- 
tion of  crude-oil-based  jet  fuels  in  a cost-effective  manner  is  through 
force  modernization,  by  the  introduction  of  aircraft  with  improved  fuel 
consumption  characteristics,  or  by  development  of  a synthetic  jet  fuel 
propulsion  capability.  The  research  in  this  report  has  focused  on  the 
latter  option. 

If  an  aggressive  synthetic  fuels  commercialization  program  is  not 
instituted  prior  to  the  end  of  the  present  century,  the  United  States 
could  be  importing  nearly  all  of  the  crude  oil  that  it  consumes  by  the 
year  2020.  With  an  aggressive  synthetic  fuels  commercialization  pro- 
gram, the  Air  Force  may  be  able  to  realize  a significant  cost  avoidance 
in  terms  of  reduced  fuel  costs,  if  it  is  in  a position  to  use  a jet 
fuel  that  is  derived  from  a coal-  or  oil-shale-based  replacement  for 
crude  oil.  However,  to  be  in  a position  to  use  such  a synthetically 
derived  jet  fuel,  the  Air  Force  may  have  to  initiate  a more  substan- 
tial R&D  program  before  the  end  of  this  decade  in  order  to  develop  the 
basic  fuel  and  engine  technology  that  could  then  be  used  in  military 
jet  engines  that  are  designed  in  the  late  1980s  and  early  1990s.  An 
investment  in  this  R&D  should  be  considered  as  a hedge  against  uncer- 
tainties in  the  economics  and  availability  of  crude-oil-based  jet 
fuels  in  the  future. 
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I . INTRODUCTION 


The  fast-changing  world  energy  situation  will  influence  both  the 
nature  of  future  international  conflicts  and  the  effectiveness  with 
which  the  Air  Force  can  execute  its  mission.  Therefore,  the  "energy 
issue"  will  become  an  increasingly  significant  factor  in  long-range 
planning,  both  in  the  setting  of  future  mission  requirements  and  in 
the  development  of  corresponding  hardware.  In  the  short  term,  however, 
existing  hardware  might  have  to  be  modified  to  suit  evolving  mission 
requirements  while  coping  with  the  various  facets  of  the  Air  Force's 
"energy  problem."  Over  the  long  term,  technology  and  alternative 
energy  sources  will  have  to  be  more  fully  exploited  to  meet  future 
mission  requirements. 

An  examination  of  technological  alternatives  for  easing  and  per- 
haps ultimately  eliminating  the  Air  Force's  total  dependence  on 
crude-oil -based  fuels  for  aircraft  propulsion  essentially  defines  the 
scope  of  the  analysis  contained  in  this  report.  Our  overall  objective 
has  been  to  identify  and  assess  the  possible  benefits  from  R&D  pro- 
grams that  might  provide  (1)  a short-term  reduction  in  Air  Force  jet 
fuel  consumption  through  selected  aerodynamic  and  propulsion  modifica- 
tions to  the  existing  fleet,  and  (2)  a long-term  option  to  use  noncrude- 
oil-based  jet  fuel  in  future  aircraft.  This  introductory  section  lays 
the  groundwork  for  this  assessment  by  putting  Air  Force  energy  consump- 
tion into  perspective  and  by  identifying  some  of  the  major  problems 
confronting  the  Air  Force  as  a result  of  the  evolving  world  energy 
situation. 

THE  COMPOSITION  AND  GROWTH  OF  ENERGY  CONSUMPTION 

In  our  modern  industrialized  society,  energy  consumption  has  been 
growing  at  a very  rapid  rate.  Figure  1 shows  the  growth  and  composi- 
tion of  U.S.  energy  resource  consumption  since  World  War  II.  Note 
that  during  the  last  decade  U.S.  energy  consumption  increased  at  a 
3 percent  compound  growth  rate,  which  implies  a doubling  of  energy 
consumption  every  23  years  (Fig.  la).  Clearly,  the  major  growth  has 
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been  in  the  consumption  of  petroleum  and  natural  gas  (Figs,  lb  and  lc) . 
This  is  not  surprising,  since  in  the  past  these  resources  were  among 
the  most  economical,  efficient,  and  transportable.  The  latter  two 
attributes  certainly  still  hold;  however,  the  recent  explosive  growth 
in  crude-oil  prices,  and  the  anticipated  growth  in  natural  gas  prices, 
are  forcing  the  United  States  and  other  nations  to  consider  a wide 
range  of  alternative  courses  of  action  to  counter  the  rising  prices 
of  these  two  traditional  energy  resources. 

World  energy  demands  have  been  increasing  by  about  5.5  percent 
per  year,  an  even  greater  rate  than  that  experienced  in  the  United 
States.  Some  estimates  indicate  that  by  1990  Western  Europe's  petro- 
leum consumption  may  equal  that  of  the  United  States,  with  Japan  con- 

(2) 

suming  about  two-thirds  to  three-quarters  that  of  the  United  States. 

It  is  highly  doubtful  that  the  current  rate  of  increase  in  the  demand 
for  energy  can  be  sustained  indefinitely.  Increasing  energy  prices, 
scarcities,  and  uneven  distribution  of  energy  resources,  environmen- 
tal concerns,  and  lack  of  capital  to  support  current  growth  rates  will 
probably  tend  to  temper  growth  in  demand.  While  Air  Force  petroleum 
consumption  has  been  declining  in  the  post-Vietnam  time  period  (see 
Fig.  2),  the  Air  Force,  as  a consumer  of  energy,  will  be  competing  with 
other  users  in  the  marketplace  for  the  same  scarce  resources. 

FUTURE  SUPPLIES  OF  CRUDE  OIL 

The  crude-oil  supply  situation  is  characterized  by  diminishing 
domestic  production  and  an  uneven  distribution  of  world  crude-oil  re- 
sources. Projections  by  the  Energy  Research  and  Development  Admini- 
stration (ERDA)  indicate  that,  at  best,  crude-oil  production  might 
remain  constant  between  now  and  the  end  of  the  century  (Fig.  3).  More- 
over, unless  new  sources  of  liquid  fuels  are  developed  and  conservation 

measures  are  successful,  growing  demands  for  liquid  fuels  will  probably 

* 

result  in  even  greater  dependence  on  crude-oil  imports.  Such  a trend 
could  threaten  U.S.  economic  health,  policy  independence,  and  security 
because  of  North  African  and  Middle  Eastern  oil-exporting  countries' 


During  1976  the  United  States  imported  over  40  percent  of  its 
petroleum. 
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Fig.  2 — Annual  Air  Force  petroleum  consumption  worldwide  (from  Ref.  3) 

control  of  much  of  the  world's  proven  oil  reserves  (Fig.  4).  The 

situation  is  particularly  foreboding  for  our  allies,  since  Western 

Europe  imports  98  percent  of  its  oil,  and  Japan  imports  virtually  100 

(2) 

percent  of  its  oil. 

The  discussion  thus  far  has  centered  primarily  on  U.S.  energy 
supply  and  demand  as  a whole.  Next  we  focus  on  the  energy  consumption 
of  the  Air  Force  compared  to  that  of  the  Department  of  Defense  (DoD) , 
the  United  States,  and  the  world. 

A PERSPECTIVE  ON  AIR  FORCE  ENERGY  CONSUMPTION 

The  United  States,  with  only  about  6 percent  of  the  world's  pop- 
ulation, consumes  annually  about  one-third  of  the  world's  total 
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Fig.  3 — Projected  domestic  crude -oil  production  and  demand 

( from  Ref.  4 ) 
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Generally  includes  measured  and  indicated  reserves  as  of  January  1,  1975. 

Fig.  4 — Worldwide  distribution  of  proven  crude -oil  reserves  (from  Ref.  4) 


energy  (Fig.  5).  The  DoD,  in  peacetime,  accounts  for  only  2.4  per- 
cent of  total  U.S.  energy  consumption;  however,  because  of  the  high 
energy  intensiveness  of  aircraft,  the  Air  Force  accounts  for  nearly 
one-half  of  all  DoD  energy  consumed,  with  about  two-thirds  of  that 
energy  being  consumed  in  the  form  of  jet  fuel  for  aircraft  opera- 
tions. (2) 

The  heavy  dependence  of  the  United  States  and  other  countries  on 
petroleum  as  an  energy  source  is  also  shown  in  Fig.  5.  DoD  consumption 
of  petroleum  is  a small  but  vital  fraction  of  total  U.S.  consumption. 
Because  aircraft  depend  exclusively  on  fuels  derived  from  petroleum, 
the  Air  Force  consumes  over  one-half  of  all  DoD  petroleum,  with  87 
percent  of  that  petroleum  being  in  the  form  of  jet  fuel.  From  the 
standpoint  of  total  national  energy  consumption,  Air  Force  energy  con- 
sumption is  not  large;  however,  the  Air  Force  and  the  rest  of  DoD  do 
account  for  a large  fraction  of  total  U.S.  demand  for  jet  fuels.  Spe- 
cifically, military  demand  in  the  Continental  United  States  for  JP-4 
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and  JP-5  jet  fuels  Ls  about  27  percent  of  total  U.S.  demand  for  jet 

fuels. The  largest  consumers  of  jet  fuel  in  the  Air  Force  fleet 

are  the  transport  and  bomber  aircraft  (because  of  their  iarge  size 

and  greater  level  of  flying  activity)  and  F-4  fighter  aircraft  (because 

* 

of  their  greater  numbers)  (see  Fig.  6). 

ENERGY  PROBLEMS  FOR  THE  AIR  FORCE 

We  have  noted  that  the  United  States  and  her  NATO  allies  depend 

increasingly  on  euc  .jy  imports,  while  the  USSR  is  the  only  so-called 

developed  country  that  produces  more  energy  from  its  own  resources 

(2) 

than  it  consumes.  " The  energy-production  deficiency  of  NATO  coun- 
tries presents  serious  problems  to  the  alliance,  its  members,  and  the 
military  establishments  of  its  member  countries.  The  problems  range 
from  providing  energy  to  support  allied  military  operations  to  pre- 
venting the  disruption  of  the  economies  of  the  Free  World.  As  evi- 
denced by  the  "1973  Energy  Crisis,"  such  problems  can  be  orchestrated 
to  serve  the  political  interest  of  the  countries  that  export  energy 
to  the  NATO  allies.  Furthermore,  the  1973-74  oil  price  escalation 
showed  that  in  the  process  of  serving  their  own  economic  interest, 
energy  exporting  nations  could  synergistically  strengthen  their  po- 
litical influence  by  imposing  severe  hardships  on  the  economies  of 
Free  World  countries. 

Impact  on  the  Budget  of  Rising  Fuel  Costs 

One  immediate  impact  of  the  world  energy  situation  has  been  on 
the  amount  spent  by  the  Air  Force  on  energy,  annually,  three-quarters 
of  which  is  devoted  to  jet  fuel.  Figure  7 shows  the  explosive  growth 
in  jet  fuel  (JP-4)  prices  in  the  last  four  years.  Despite  significant 
conservation  efforts,  the  price  that  the  Air  Force  pays  for  jet  fuel 
has  risen  by  over  $1  billion  during  the  last  two  years,  such  that 

* 

Personal  communication  from  Willian  Vance,  Defense  Energy  Infor- 
mation Service,  October  1975. 

Over  this  period  of  time,  the  Organization  of  Petroleum  Export- 
ing Countries  about  quadrupled  the  price  of  their  oil  exports. 
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Fig.  7 — Price  the  Air  Force  pays  for  jet  fuel  (from  Ref.  6) 

expenditures  for  jet  fuel  now  constitute  over  5 percent  of  the  total 
Air  Force  budget. ^ Thus,  one  energy -related  problem  for  the  Air 
Force  is  the  growing  cost  of  energy  in  general  and  of  ,jet  fuel  in  par- 
ticular— costs  that  may  usurp  funds  that  might  otherwise  be  used  to 
develop  and  procure  new  weapon  systems. 

Visibility  of  DoD  Energy  Consumption 

A less  quantifiable  problem  stems  from  the  fact  that  the  Dot)  and 
the  Air  Force  are  highly  visible  consumers  of  petroleum  products. 

This  visibility  is  not  a result  of  the  amount  consumed  by  the  military 
(Indeed,  we  have  already  noted  that  the  Air  Force  accounts  for  only 
about  2 percent  of  U.S.  petroleum  consumption.)  The  problem  stems 
more  from  the  manner  in  which  the  petroleum  is  used.  When  petroleum 
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supplies  run  low  for  the  domestic  sector,  the  government  requests  the 
public  to  turn  down  air  conditioning,  lower  thermostats,  drive  at  re- 
duced speeds,  and  toierate  elevated  prices  for  fuel.  At  such  times, 
government  consumption  of  energy  becomes  generally  more  visible  to  the 
public — in  particular,  military  consumption  of  jet  fuel  is  prone  to 
become  highly  visible  to  the  public  during  peacetime.  Consequently, 
the  public  might  expect  the  Air  Force  to  cooperate  in  energy  conser- 
vation, by  procuring  fewer  airplanes  and/or  reducing  peacetime  opera- 
tions to  conserve  fuel,  resulting  in  a degradation  in  overall  capa- 
bility. 

Reductions  in  peacetime  flying  hours  influence  the  Air  Force's 
war-fighting  capability  in  at  least  two  ways.  First,  there  is  degra- 
dation in  pilot  proficiency,  unless  some  compensating  action  is  ini- 
tiated (such  as  the  use  of  simulators).  Second,  if  substantial  reduc- 
tions are  instituted  on  a permanent  peacetime  basis,  maintenance  and 
supply  systems  might  become  "rusty"  through  reductions  in  maintenance 
manpower  and  spare  parts  inventories.  Tims,  another  energy-related 
problem  for  the  Air  Force  is  that  the  high  visibility  f p<  ic<  tinu  j<  t 
fuel  consumption  may  lead  to  reductions  in  War-fight  'ey  ca\  il  llity  ht  - 
cause  of  restrictions  on  peact  time  operations  and/or  reductions  in 
aircraft  procurement . 

Loss  of  Overseas  Bases  or  Overflight  Rights  for  U.S,  Airlift 

The  dependence  of  our  NATO  allies  on  oil  imports  is  likely  to 
spawn  divergent  national  interests  within  the  NATO  alliance  when  it 
comes  to  dealing  with  international  incidents  involving  the  oil- 
producing  nations.  Even  in  incidents  where  there  is  consonancy  of 
national  interest  within  NATO,  there  may  be  a widespread  reluctance 
among  members  to  participate  overtly.  In  either  case,  the  U.S.  Air 
Force  cannot  rely  on  either  the  overt  cooperation  of  our  allies  or 
on  the  use  of  their  air  bases  or  their  granting  of  overflight  privi- 
leges during  future  conflicts  involving  the  interests  of  the  oil- 
exporting nations. 

The  total  loss  of  overseas  bases  or  overflight  privileges  could 
significantly  reduce  the  effectiveness  witii  which  existing  aircraft 


-12- 


■Tl  • •'  T" 


could  quickly  deploy  U.S.  forces  to  distant  parts  of  the  world.  It 
could  also  diminish  U.S.  ability  to  use  airlift  to  offset  the  Soviet 
navy's  growing  capability  to  challenge  sealift  forces  in  some  parts 
of  the  world.  Past  reductions  in  U.S.  overseas  forces  have  been  pre- 
dicated on  an  airlift  capability,  without  which  our  effectiveness 
could  be  significantly  degraded.  Thus , one  of  the  significant  energy- 
related  problems  for  the  Air  Force  is  the  potential  loss  of  overseas 
bases  or  overflight  privileges  during  an  energy-relatea  conflict. 

Time  Required  to  Develop  Alternative  Propulsion  Technologies 

As  crude-oil  supplies  decrease  in  the  face  of  increasing  demand, 
it  is  reasonable  to  expect  that  the  price  of  crude-oil-based  jet  fuel 
will  increase  to  the  point  where  alternative  fuel  sources  and/or  pro- 
pulsion technologies  may  become  cost  effective.  The  implementation 
of  such  alternatives,  however,  could  involve  many  years  of  research 
and  development  and  the  need  to  procure  entirely  new  fleets  of  air- 
craft. In  this  latter  regard,  it  is  of  interest  to  note  that  over 
one-half  of  the  Air  Force  jet  fuel  is  consumed  by  aircraft  that  were 
initially  designed  some  20  years  ago  and  are  expected  to  remain  in 
the  fleet  in  significant  numbers  for  another  decade.  This  suggests 
a 20-  to  30-year  design  replacement  cycle.  However,  long  before  these 
aircraft  could  be  replaced  by  a fleet  using  a non-oil-based  fuel,  a 
technology  base  would  have  to  be  developed  and  alternative  aircraft 
designs  examined.  Depending  upon  the  propulsion  technology  proposed, 
this  could  take  from  10  to  20  years.  Thus,  the  overall  process  of 
developing  a new  propulsion  technology  base,  evaluating  alternative 
designs  and  phasing  in  new  aircraft  could  take  from  30  to  50  years 
to  complete.  This  time  frame  is  commensurate  with  the  time  period 
during  which  some  expect  world  annual  crude-oil  production  to  level 
off  and  start  declining. ^ Thus , a long-term  energy -related  problem 
for  the  Air  mi  'l-  lead  tirm  requin  It  ieve  lo\  md  r. ; ly  il- 
t ■ '.mat  Ive  n • tl-  wed  pr  ileion  techn 


-13- 


ENERGY  ROLES  FOR  THE  AIR  FORCE 

There  are  means  by  which  the  Air  Force  can  cope  at  least  in  part 
with  the  aforementioned  energy  problems — by  actions  within  its  roles 
as  a consumer  of  energy,  a provider  of  technology  , and  a protector  of 
national  interests.  However,  Air  Force  actions  alone  cannot  solve  the 
energy  problem.  Solutions  must  be  worked  out  at  the  national  and  in- 
ternational levels.  The  primary  energy  role  for  the  Air  Force  will 
be  to  adapt  itself  to  those  solutions  and  to  participate  in  their  im- 
plementation. 

Consumer  of  Energy 

As  a consumer  of  energy,  the  Air  Force  has  already  taken  signifi- 
cant steps  to  reduce  its  energy  consumption  by  curtailing  nonessential 
peacetime  operations.  To  further  conserve  jet  fuel,  the  Air  Force  can 
also  consider  short-term  technological  options  that  might  reduce  the 
energy  consumption  of  its  fleet.  An  analysis  of  selected  aerodynamic 
and  propulsion  options  constitute  the  substance  of  Sec.  II.  For  the 
long  term,  the  Air  Force  can  prepare  to  adapt  to  alternatives  to  crude 
oil  in  the  future.  As  an  energy  consumer,  the  Air  Force  has  a vital 
interest  in  when  alternative  fuels  might  become  available  and  in  the 
quantity,  characteristics,  and  cost  of  the  alternative  fuels.  Since 
national  energy  policy  will  influence  the  development  of  alternative 
fuel  technologies,  the  Air  Force  must  be  aware  of  the  impact  that  con- 
version to  an  alternative  fuel  would  have  on  its  ability  to  perform  its 
mission  and  must  seek  to  influence  national  energy  policy  decisions  in 
a way  that  will  make  them  compatible  with  Air  Force  requirements. 

Provider  of  Techno logy 

The  Air  Force  has  traditionally  been  a leader  in  the  development 
of  aircraft,  missile,  and  munitions  technology.  As  an  experienced 
technology  developer,  the  Air  Force  may  play  a role  in  developing  the 
necessary  technology  for  reducing  reliance  on  crude-oil  resources.  In 
taking  this  role,  the  Air  Force  can  contribute  to  the  solution  of  the 
nation's  long-term  crude-oil-depletion  problem,  and,  being  an  active 
technology  developer,  it  can  better  anticipate  and  evaluate  its  own 
position  with  regard  to  alternative  fuel-based  technologies. 
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The  Air  Force  could  make  key  contributions  in  a number  of  tech- 
nology areas.  For  example,  the  Air  Force  has  long  been  a major  spon- 
sor of  the  research  and  development  of  advanced  jet  engine  technology. 
This  turbine  engine  technology  has  obvious  applications  for  the  civil 
sector  as  well  (e.g.,  high-technology  turbines  for  more  efficient 
electric  power  generation).  Further,  the  Air  Force,  through  its  Aero- 
Propulsion  Laboratory,  has  much  experience  in  evaluating  the  impact  of 
fuel  properties  on  the  operation  of  turbine  engines.  This  expertise 
should  prove  valuable  as  the  nation  begins  to  use  new  liquid  fuels 
with  properties  different  from  those  of  petroleum  fuels.  Other  Air 
Force  technology  efforts,  although  not  specifically  energy-motivated, 
may  provide  a valuable  contribution  to  the  long-term  development  of 
nuclear  fusion  reactors. 

Protector  of  National  Interests 

As  an  instrument  of  U.S.  foreign  policy,  the  Air  Force  must  re- 
spond to  emergencies  around  the  world  on  short  notice  (e.g.,  the 
airlift  mission).  In  its  role  as  a protector  of  the  national  interest, 
the  Air  Force  must  adjust  its  fleet  capabilities  to  be  responsive  and 
effective  in  energy-related  conflicts,  including  those  situations  in 
which  it  might  be  denied  overseas  base  privileges  or  in  which  fuel 
availability  becomes  critical.  One  short-term  approach  to  meeting  the 
overseas  base  problem  is  to  modify  the  existing  fleet  to  increase  the 
number  of  aircraft  capable  of  being  refueled  in  flight.  Such  a modi- 
fication has  already  been  incorporated  on  the  C-5A.  The  C-14LA  fuse- 
lage stretch  program  incorporates  an  in-flight  refueling  receptacle 
to  provide  more  operational  flexibility.  A longer-term  option  would 
be  to  develop  new  aircraft  of  greater  size  (e.g.,  gross  weights  of  1 
to  2 million  pounds)  and  range/endurance  than  those  of  today.  Such 
aircraft  may  allow  major  enhancements  in  capability  while  significantly 
reducing  fuel  consumption.  For  example,  a companion  Rand  analysis 
indicates  that  a fleet  of  transport  aircraft  in  the  1 to  2 million 
pound  gross  weight  class  fueled  by  JP  might  use  roughly  10  percent 
less  energy  when  deployed  in  a NATO  strategic  airlift  than  a fleet  of 

/ O } 

C-5-class  aircraft. 
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ORGAN  I2ATION  OF  THE  REPORT 

Section  II  of  this  report  examines  selected  short-term  aerodynamic 
and  propulsion  modifications  that  might  reduce  the  consumption  of  jet 
fuel  in  the  existing  fleet. 

Section  III  examines  the  resources  and  technologies  that  might 
be  used  in  the  development  of  noncrude-oil-based  aviation  fuels  in 
the  long  term.  This  focus  is  then  narrowed  to  an  evaluation  of  coal 
as  a future  source  of  jet  fuels  to  highlight  some  of  the  energy,  cost, 
and  environmental  aspects  associated  with  the  production  of  synthetic 
jet  fuels. 

Section  IV  then  delineates  the  conditions  under  which  it  would 
be  to  the  Air  Force's  advantage  to  develop  a noncrude-oil-based  pro- 
pul ,ion  capability  and  assesses  the  possible  benefits  of  such  a capa- 
bility. 

Section  V draws  conclusions  based  on  the  material  contained  in 
the  preceding  sections. 
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II.  SHORT-TERM  TECHNOLOGICAL  MODIFICATIONS 


The  acquisition  of  a new  fleet  of  aircraft  involves  numerous  com- 
promises between  the  performance  characteristics  believed  to  be  neces- 
sary by  the  operator  and  the  cost  of  applying  and/or  extending  the 
state  of  the  art  of  technology.  These  compromises  are  usually  struck 
by  identifying  the  threat,  formulating  a mission  to  counter  that  threat, 
and  then  evaluating  alternative  designs  from  the  standpoint  of  their 
cost  effectiveness  and  ability  to  complete  the  proposed  mission.  How- 
ever, it  frequently  happens  that  after  the  airplane  has  been  put  into 
service,  the  nature  of  the  threat  changes  and  the  perception  of  the 
mission  requirement  is  altered,  while  the  state  of  technology  continues 
to  advance.  It  is  possible  that  the  existing  inventory  of  aircraft  no 
longer  provides  an  optimal  match  (in  terms  of  minimum  energy  usage) 
between  the  available  state  of  the  technology  and  presently  perceived 
mission  requirements.  Thus,  in  this  section  we  examine  some  techno- 
logical modifications  that  might  reduce  the  energy  needed  to  meet  cur- 
rent mission  requirements.  We  will  consider  modifications  to  propulsion 
systems  and  alterations  of  the  aerodynamic  characteristics  of  some 
existing  aircraft. 

PROPULSION  SYSTEM  MODIFICATIONS 

Turbine  engines  on  many  of  the  aircraft  in  the  Air  Force  inventory 
were  developed  from  a 1950s  technology  base.  For  a number  of  aircraft, 
there  are  newer  engines  available  with  comparable  performance  charac- 
teristics. These  newer  engines,  developed  from  the  1960s  technology 
base,  typically  consume  from  20  to  30  percent  less  fuel  than  their  pre- 
decessors. On  the  surface,  it  would  appear  that  retrofitting  existing 
aircraft  with  this  more  recent  generation  of  engines  would  result  in 
both  an  energy  and  a cost  savings  for  the  Air  Force.  This  seems  to  be 
substantiated  in  part  by  two  historical  precedents:  The  first  concerns 

the  case  where  American  Airlines  retrofitted  the  turbojet  engines  on 
the  707-120  with  turbofan  engines.  The  second  case  concerns  an  engine 
change  when  the  B-52H  model  was  produced.  Note  that  this  is  not  an 


t 


: 


l 


Other 


-4% 


iSV 


example  of  an  engine  retrofit.  When  the  H series  was  produced,  the 
Air  Force  switched  from  the  turbojet  (on  the  B-52G)  to  a more  efficient 
turbofan  engine. 

The  potential  annual  fuel  savings  from  an  engine  retrofit  program 
is  illustrated  in  Fig.  8 (a  modification  of  Fig.  6).  Total  Air  Force 


Jet  fuel  saved  by  the  engine 

retrofit  program  as  a percentage 
of  FY  1975  consumption:  — 


Fig.  8 — Annual  savings  of  jet  fuel  resulting  from  an  engine 
retrofit  program  for  the  four  leading  consumers  of  jet  fuel 


jet  fuel  consumption  could  be  reduced  by  12  percent  if  the  engines  were 
retrofitted  on  the  leading  four  consumers  of  jet  fuel  (i.e.,  C-141, 
B-52,  F-4,  and  the  KC-135) . In  the  next  two  subsections  we  will  ex- 
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amine  this  idea. 


C-141  Engine  Retrofit 

It  is  estimated  that  by  replacing  the  four  TF33  engines  on  the 
C-141  with  two  TF39  engines,  the  annual  fuel  consumption  for  the  C-141 
could  be  reduced  by  about  25  percent.  Such  a retrofit  program  could 
save  190  million  gallons  of  JP-4  annually  (equivalent  to  23.3  trillion 
Btu) . At  35  cents  per  gallon,  the  reduction  in  the  annual  fuel  cost 
for  the  C-141  fleet  would  be  $66.5  million.  However,  we  also  need 
to  consider  the  cost  of  changing  engines  and  the  energy  used  in  manu- 
facturing the  new  engines  and  in  modifying  the  aircraft  to  accommodate 
*f* 

the  new  engines.  These  costs  and  savings  are  presented  in  Fig.  9 

for  energy  and  in  Fig.  10  for  dollar  savings.  The  figures  display  the 

energy  and  budget  expenditures  to  modify  the  C-141  fleet  as  negative 

savings.  For  example,  during  the  peak  of  the  engine  retrofit  program, 

a quarter  billion  dollars  would  be  spent  annually  from  FY  1979  through 

FY  1981  with  the  assumed  modification  schedule  of  about  five  aircraft 

completed  per  month.  The  energy  expended  in  modifying  the  fleet  could 

+ 

be  recovered  by  the  last  year  (FY  1982)  of  the  retrofit  program,  as 
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The  analysis  considered  a wide  variety  of  engine  retrofit  candi- 
dates for  the  various  aircraft.  This  section  discusses  only  the  most 
promising  candidate  for  each  aircraft  considered.  The  JP-4  price  of 

35  cents  per  gallon  (mid-1974  dollars)  assumed  in  most  of  the  cost- 
effectiveness  calculations  was  the  prevailing  price  at  the  time  of 
this  analysis.  This  1974  price  is  equivalent  to  a first  quarter  1977 
fuel  price  of  about  43  cents  per  gallon,  using  the  observed  general 
inflation  rate  of  about  7.3  percent,  or  about  41  cents  per  gallon  us- 
ing the  6 percent  inflation  rate  assumed  in  the  analysis. 

The  average  cost  of  modification  was  assumed  to  be  $4.6  million 
(FY  1974  dollars)  per  aircraft,  including  RDT&E  costs,  start-up  costs, 
engine  costs,  and  airframe  modification  costs,  to  accommodate  the 
higher  thrust  level  of  the  new  engines.  Propulsion  characteristics 
and  energy  expenditures  were  derived  from  Refs.  9 to  11. 

^The  energy  expenditure  to  make  the  modification  would  be  in  the 
commercial  sector.  Of  course,  the  Air  Force  would  realize  energy  sav- 
ings as  soon  as  the  first  retrofitted  aircraft  began  flying.  Thus, 
the  cumulative  net  energy  savings  should  be  thought  of  in  an  overall 
national  context. 


Cumulative  net  energy  saved 
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Energy  impact  of  a C-141  engine  retrofit  program 
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Fig.  10 — Cost  impacts  of  a C-141  engine  retrofit  program 
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indicated  by  the  curve  labeled  "cumulative  net  energy  saved"  in  Fig.  9. 
At  that  time  the  average  age  of  the  fleet  would  be  about  15  years. 
However,  assuming  a constant  fuel  price  of  35  cents  per  gallon,  the 
cumulative  net  budget  savings  (undiscounted)  would  be 'negative  beyond 
the  average  fleet  age  of  25  years  (Fig.  10).  This  means  that  the  bud- 
get expenditures  for  the  retrofit  program  could  not  be  recovered  over 
the  remaining  life  of  the  airplane  through  the  reduced  fuel  consumption 
of  the  new  engines.  Figure  11  shows  that  even  if  the  fuel  price  rises 
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These  assumptions  yield  a very  conservative  net 
discount  rate  of  approximately  4 percent. 


Fig.  11  — Effect  of  increasing  fuel  prices  on  the  engine  retrofit 
cost  recovery  year  for  the  C-141 
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(at  a constant  percentage  rate)  to  a dollar  a gallon  (in  1974  dollars) 
by  the  year  2000,  the  retrofit  costs  would  not  be  recovered  until  the 
early  1990s.  At  that  time  the  average  fleet  age  would  be  25  years  or 
more,  depending  upon  whether  the  present  value  curve  (dashed)  or  the 
undiscounted  curve  (solid)  is  used. 

Other  Engine  Retrofit  Candidates 

Similar  analyses  were  made  of  various  engine  retrofit  modifica- 
tions for  the  B-52G,  KC-135A,  and  F-4C/D/E.  The  results  are  gener- 
ally the  same  as  those  for  the  C-141,  except  that  it  would  take  even 
longer  to  recover  the  retrofit  costs  (Figs.  12  and  13).  In  the  case 
of  the  B-52G,  we  considered  a retrofit  that  would  replace  the  eight 
J57  turbojet  engines  with  four  TF39  turbofan  engines  and  that  would 
reduce  the  B-52  annual  fuel  consumption  by  about  one-third.  The 
KC-135A  retrofit  would  involve  replacing  the  four  J57  turbojet  engines 
with  two  TF39  turbofan  engines.  The  F-4  retrofit  would  involve  re- 
placing the  two  J79  turbojet  engines  with  two  TF41  turbofan  engines 
(modified  to  include  an  afterburner). 

The  results  of  the  engine  retrofit  analysis  are  summarized  in 

Table  1.  Although  there  would  be  a net  energy  savings  by  the  time 

«» 

each  fleet  reached  an  average  age  of  25  years,  there  would  not  be  a 
net  budget  saving.  This  is  generally  due  to  three  factors:  the  high 

cost  of  new  turbine  engines,  the  age  of  each  fleet  by  the  time  the 
retrofit  program  is  completed,  and  the  comparatively  low  number  of 
peacetime  flying  hours  for  military  aircraft  (as  compared  to  commer- 
cial transports)  . 

AERODYNAMIC  CHARACTER! ST  I GS 

Airframe  modifications  that  could  reduce  aerodynamic  drag  and 
iience  reduce  fuel  consumption  have  been  proposed  for  several  Air  Force 
aircraft.  in  particular,  the  Lockheed-Georgia  Company  has  conducted 

* 

in  addition  to  inflation. 

The  average  modification  cost  per  aircraft  was  assumed  to  be 
$5  million  for  the  B-52G,  $4.3  million  for  the  KC-135,  and  $2.1  mil- 
lion for  the  F-4  (FY  1974  dollars). 
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Fig.  13— Effect  of  increasing  fuel  prices  on  the  engine  retrofit 
cost  recovery  year  for  the  B-52G,  KC-135A,  and  the  F-4 
(with  consideration  of  discount  rate  and  inflation) 
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wind-tunnel  tests  and  other  supplemental  annlvses  that  indicate  that 
modest  drag  reductions  may  be  achievable  by  modifying  the  aerodynamic 
characteristics  of  the  C-141A  and  ('110  transports.  Determining  the 
impact  of  these  moditicati  ns  is  ol  particular  interest,  since  these 
two  aircraft  consume  about  22  percent  ot  all  Air  Force  jet  1 ue  1 . Out 
major  focus  will  be  on  a C-141A  modit 1.  at  ion,  since  both  performance 
ani  cost  information  are  available  for  this  aircraft;  howevei  , para- 
metric cost/performance  tradeoff  curves  tor  other  Air  Force  aircraft 
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have  been  developed  to  gain  further  insights  into  the  utility  of  aero- 
dynamic modifications. 

C-141A  Wing  Fillet  and  Vortex  Generators 

During  the  late  1960s,  wind-tunnel  tests  by  the  Lockheed-Georgia 

Company  indicated  that  removal  of  the  vortex  generators  on  the  wing 

and  an  improvement  in  the  design  of  the  fillet  at  the  wing/fuselage 

interface  on  the  unstretched  C-141A  aircraft  might  reduce  aerodynamic 

drag  by  about  8 percent — 3 percent  from  removal  of  the  vortex  generators 

(12) 

and  the  remainder  from  the  improved  fillet  (Fig.  14).  ‘ The  original 
cost  estimate  for  these  aerodynamic  modifications  was  less  than 

Vc 

$100,000  (FY  1974  dollars)  to  modify  each  aircraft. 


p; gt  14  — C-I4IA  drag  reduction  modifications  (from  Ref.  12) 

Energy  Efficiency.  Figure  15  shows  the  impact  on  fuel  consumption 
if  the  C-141A  aerodynamic  modification  were  made  to  the  entire  fleet 
over  an  eight-year  period.  (Note  that  the  energy  expenditure  to 

^Personal  communication  from  William  Lamar,  Air  Force  Flight  Dv- 
namics  Laboratory,  1974. 
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Fig.  lb — Energy  impact  of  a C-141A  aerodynamic  modification 


effect  the  modification  would  be  quite  modest.  ) If  an  8 percent 
reduction  in  consumption  were  achieved,  60  million  gallons  of  jet 
fuel  would  be  saved  per  year  by  the  program.  The  modification 
program  would  produce  net  energy  savings  soon  after  its  inception,  and 
even  at  the  completion  of  the  program  the  fleet  would  still  have  a 
significant  number  of  years  of  useful  life  remaining.  Thus,  we  con- 
clude that  this  aerodynamic  modification  would  be  highly  energy- 
efficient  . 

Cost  Recovery.  Figure  16  shows  the  impact  on  the  budget  of  a C-141A 
aerodynamic  modification.  Note  that  if  the  modification  could  be  com- 
pleted at  a cost  of  about  $120,000  per  aircraft  (including  RDTM  expen- 
ditures), savings  in  jet  fuel  expenditures  would  allow  recovery  of  the 
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modification  costs  even  before  completion  of  the  program.  We  conclude 
therefore,  that  the  proposed  aerodynamic  modification  would  clearly 
allow  cost  recovery  at  a modification  cost  per  aircraft  of  $120,000. 

Because  cost  estimates  are  inevitably  subject  to  change,  we  have 
chosen  to  parameterize  the  cost  recovery  potential  of  an  aerodynamic 
modification  to  the  unstretched  C-1A1A  for  a range  of  plausible  mod- 
ification costs  and  fuel  consumption  reductions  (Fig.  17).  Whether 
costs  can  be  recovered  through  savings  in  fuel  expenditures  before 

the  fleet  is  retired  will  depend  upon  the  ultimate  cost  of  the  modi- 

* 

fication,  its  effectiveness,  the  service  life  ol  the  aircraft,  and 


Considerable  uncertainty  exists  regarding  the  ultimate  service 
life  of  the  C-141A.  The  Durability  and  Damage  Tolerance  Assessment 
Study  currently  being  performed  by  the  Air  Force  Logistics  Command 
and  Air  Force  Systems  Command  is  attempting  to  evaluate  the  validity 
of  the  40,000  hour  service  life  estimate  presently  being  used  for 


Fiscal  year  oy  which  modification  costs  are  recovered 
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Modification  cost  pel  aircraft  (thousands  of  FY  1974  dollars) 
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Fig.  1 7 — Cost  recovery  potential  for  an  aerodynamic 
modification  to  the  C-141A 


future  escalations  in  fuel  costs.  Figure  17  indicates  that  if  costs 
were  to  rise  to  $250,000  to  $400,000  per  aircraft  to  accomplish  the 
modification,  there  would  be  some  doubt  as  to  whether  cost  recovery 
would  be  possible.  Nevertheless,  further  exploration  of  the  cost  of 
an  aerodynamic  modification  and  a determination  of  the  additional  years 
the  C-141A  is  to  be  kept  in  service  seem  desirable. 

C-130  Af ter body 

Lockheed  has  also  analyzed,  in  considerably  less  detail  than  for 
the  C-141,  possible  changes  to  the  C-130  aircraft  to  decrease  aerody- 
namic drag,  and  in  so  doing  decrease  fuel  consumption.  Some  of  the 

planning  purposes.  At  current  utilization  rates,  this  40,000  hour  ser- 
vice limit  translates  to  an  average  fleet  life  of  approximately  31  years. 


Average  fleet  age  in  years 
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approaches  considered  include  the  addition  of  wing/ fuselage  fillets, 

refairing  of  the  afterbody,  vortex  control  on  the  afterbody,  or  mov- 

(14) 

ing  pylon-mounted  fuel  tanks  to  the  wing  tips.  The  analysis  was 

originally  motivated  by  a desire  to  increase  the  range  of  the  Dedicated 
Electronic  C-130s  of  the  Navy. 

Wind-tunnel  tests  have  been  made  with  strakes  (or  cusps)  along 
the  chine  of  the  aircraft,  in  an  attempt  to  reduce  the  pressure  drag 
associated  with  the  afterbody.  it  is  important  to  note  that  this  type 
of  modification  will  not  interfere  with  the  operation  of  the  aft  cargo 
door.  Preliminary  results  indicate  that  such  a modification  might  re- 
duce drag  by  about  3 percent.  Lockheed  engineers  believe  that  more 
extensive  wind-tunnel  testing  might  result  in  modifications  that  would 
reduce  drag  slightly  more.  For  those  applications  that  do  not  require 
use  of  the  aft  cargo  doors  (USMC  use  of  KC-130s) , an  extensive  after- 
body modification  is  available  that  would  reduce  drag  an  estimated  9 
* 

percent . 

Figure  18  shows  the  cost  recovery  potential  of  an  aerodynamic  mod- 
ification to  the  Air  Force  C-130  fleet  as  a function  of  the  modifica- 
tion cost  per  aircraft  and  the  reduction  in  fuel  consumption.  For  most 
reasonable  sets  of  fuel  consumption  and  cost  assumptions,  it  appears 
that  costs  cannot  be  recovered  through  savings  in  jet  fuel  expenditures 
before  the  fleet  has  exceeded  its  useful  life.  This  is  a consequence 
of  the  fact  that  the  average  Air  Force  C-130  was  already  14  years  old 
in  1976.  Thus,  we  conclude  that  the  costs  of  an  aerodynamic  modifi- 
cation to  the  C-130  will  most  likely  not  be  recovered  through  savings 
in  jet  fuel  expenditures. 

We  also  investigated  an  alternative  modification  strategy--one 
that  would  modify  only  the  newer  C-130s  in  the  Air  Force  fleet.  How- 
ever, our  results  indicate  that  even  if  only  the  newest  25  percent  of 
the  Air  Force  C-l  10  fleet  were  modified,  substantial  reductions  in 
luel  consumption  and  • . ry  low  modification  costs  would  be  required,  if 
costs  were  to  be  recovered.  For  example,  the  costs  for  a modification 
requiring  a $113,000  expenditure  per  aircraft,  yielding  a 10  percent 

■k 

Personal  eonununie.it  ion  I rum  Skip  boiling, 
puny,  August  10,  1974. 
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Fig.  18— Cost  recovery  potential  for  an  aerodynamic 
modification  to  the  C-130 


reduction  in  fuel  consumption,  could  be  recovered  .it  an  average  fleet 
age  of  20  years  (for  the  newest  25  percent  of  the  fleet) . 

B -52  Modifications 

The  B-52  fleet,  since  it  accounts  for  about  15  percent  of  Air 
Force  jet  fuel  consumption,  is  yet  another  candidate  for  fuel  conser- 
vation measures.  In  the  event  modifications  are  proposed  for  this 
fleet,  we  show  in  Fig.  19  the  cost  recover  potential  lor  tin  \ir  Fori 
B-52  G/ II  fleet  as  a function  of  the  modifi.  i •_  , n -t  per  aircraft  and 
potential  reduction  in  fuel  consumption.  in-  re  nit  indicate  tun 


only  for  relatively  low-cost,  highly  etfeitivi  mo-H t i> at  ions  could 
costs  be  recovered  before  the  useful  lite  of  the  air>raft  is  exceeded. 
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Fig.  19 — Cost  recovery  potential  for  an  aerodynamic 
modification  to  the  B-52G/H 

Wing  lets 

Wind-tunnel  tests  of  wingtip  devices  termed  "wingle:.s"  ha  ve  i nd 
cated  that  drag  reductions  on  the  order  of  5 to  10  percent  may  he 
achievable  for  transport-class  aircraft.  The  Air  Force  and  NASA  are 
currently  installing  winglets  on  a KC-lli  test  bed  to  investigate  th 
drag  reduction  potential  of  such  an  aerodynamic  modi! ication. ^ A 
assessment  of  the  cost  recovery  potential  and  energy  efficiency  of 
winglets  will  have  to  await  the  results  of  the  flight-test  progiam. 
However,  in  the  event  such  a modification  is  subsequently  suggested 
for  the  C-141,  C-130,  or  B-5d,  the  parametric  results  shown  in  Figs. 
17,  18,  or  19  can  be  used  to  gain  insights  into  the  cost  recovery  pc 
tentiai  of  a winglet  modification. 


OTHER  MODIFICATIONS 

Lockheed  lias  also  suggested  that  loading  cargo  aircraft  such  that 
the  center  of  gravity  is  near  the  allowable  aft  limit  could  reduce 
cruise  drag.  Apparently,  this  may  reduce  the  drag  of  the  C-5A  by  1.6 
percent,  of  the  C-141  by  2 percent,  and  of  the  C-130  by  1 percent,  as- 
suming the  center  of  gravity  shifts  from  about  the  middle  of  the  allow- 
able range  to  the  aft  limit.  One  drawback  of  this  operational  change 
is  that  the  flying  qualities  of  the  aircraft  may  be  degraded — the  air- 
craft may  tend  to  "wander"  because  it  is  less  stable.  This  effect 
has  been  confirmed  in  the  Dedicated  Electronic  Navy  C-130s,  which  nearl 

k 

always  fly  with  the  center  of  gravity  near  the  aft  limit.  Despite 
the  drawbacks,  this  modification  appears  potentially  attractive,  since 
it  offers  reductions  in  fuel  consumption  at  little  or  no  expense. 

We  can  summarize  by  noting  that  all  of  the  short-term  technologi- 
cal modifications  we  have  examined  appear  to  be  energy-efficient.  in 
general,  engine  retrofits  save  more  energy  than  modest  aerodynamic  mod- 
ifications. The  engine  retrofit  option  does  not  allow  full  recovery 
of  costs  through  savings  in  jet  fuel  expenditures  because  of  the  huge 
investment  costs  required  to  make  the  modification.  Hence,  any  pro- 
posal attempting  to  justify  the  cost  effectiveness  of  the  engine  retro- 
fitting option  will  have  to  do  so  not  solely  in  terms  of  reduced  ex- 
penditures for  jet  fuel,  but  also  in  terms  of  possible  operational 
advantages  offered  by  enhancements  in  capability  (e.g.,  greater  range) 
that  the  option  might  permit. 

Aerodynamic  modifications  could  allow  full  recovery  of  costs 
through  savings  in  jet  fuel  expenditures  if  made  early  in  the  life 
evcle  of  an  aircraft.  Further  study  of  the  C-141A  modification  seems 
warranted;  however,  an  aerodynamic  modification  to  the  C-130  fleet  does 
not  appear  to  be  an  attractive  option,  unless  only  the  newer  aircraft 
in  the  fleet  are  modified.  While  the  prospects  of  conserving  energy 
while  fully  recovering  modification  costs  through  reduced  fuel  expen- 
ditures do  not  appear  altogether  attractive  for  the  aforementioned 

•k 

Personal  communication  from  Tom  Blackby,  Lockheed-Georgia  Com- 
pany, August  30,  1974. 
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aircraft,  the  relatively  Lower  cost  of  simple  aerodynamic  modifications 
(as  compared  to  engine  retrofits)  and  the  potential  reductions  in  fuel 
consumption  (5  to  10  percent)  lead  us  to  conclude  that  modifications 
may  be  viable  for  future  aircraft  if  they  are  accomplished  early  enough 
in  the  aircraft  life  cycle  to  allow  cost  recovery. 

With  this  background  on  the  energy  and  cost  impacts  of  short-term 
technological  modifications  to  reduce  fuel  consumption,  we  will  now 
consider  the  long-term  prospects  for  using  alternative  aviation  fuels. 
The  assessment  begins  in  Sec.  ill  with  an  examination  of  the  energy  re- 
sources and  production  processes  from  which  future  jet  fuels  may  be 
derived.  The  production  of  jet  fuels  derived  from  coal,  the  nation's 
most  abundant  fossil  resource,  is  then  examined  in  some  detail  to  high- 
light some  of  the  major  cost,  energy,  resource,  and  environmental  issues 
associated  with  synthetic  jet  fuel  production.  Section  IV  then  de- 
lineates the  conditions  under  which  it  would  be  to  the  Air  Force's 
advantage  to  develop  the  synthetic  jet  fuel  option  for  the  future  and 
assesses  the  possible  benefits  from  possessing  a synthetic  jet  fuel 
capability  in  the  future. 
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III.  ALTERNATIVE  JET  FUELS 


INTRODUCTION 

The  ominous  prospect  of  declining  domestic  petroleum  supplies  in 
the  future  and  the  uncertainties  associated  with  the  economics  of  tiiose 
supplies  pose  a distinct  challenge  to  the  Air  Force,  which  relies  to- 
tally on  petroleum  for  its  jet  '"uel  needs.  The  Air  Force  will  be  bid- 
ding for  liquid  fuels  in  a highly  competitive  U.S.  transportation  market 
which  today  derives  over  95  percent  of  its  energy  needs  from  petroleum, 
accounting  for  about  56  percent  of  total  U.S.  petroleum  consumption 
(nearly  equal  to  all  domestic  petroleum  production) , and  about  25  per- 
cent of  total  U.S.  energy  consumption. 

There  are  strong  indications  that  the  demands  of  the  transportation 
sector  alone  for  liquid  fuels  from  petroleum  will  significantly  exceed 
U.S.  domestic  production  by  the  end  of  the  century.  Estimates  developed 
by  ERDA  indicate  a substantial  shortage  of  liquid  fuels  in  the  future, 
even  with  the  development  of  the  outer  countinental  shelf  and  Alaskan 
crude-oil  reserves  and  enhanced  recovery  techniques  (Fig.  20).  Depend- 
ing on  the  ultimate  success  of  these  efforts  and  the  extent  to  which 
more  fuel-conservative  vehicles  are  introduced,  the  shortage  might  range 
from  roughly  5 to  12  million  barrels  per  day  by  the  year  2000.  The  de- 
mands by  other  sectors  for  petroleum,  accounting  for  44  percent  of  con- 
sumption today,  will  further  exacerbate  the  liquid  fuel  shortage.  To 
meet  demands,  aggressive  energy  conservation  efforts  and  development 
of  alternatives  to  petroleum  will  be  required.  If  these  efforts  fail  , 
we  wilL  face  the  undesirable  alternative  of  relying  even  more  on  crude- 
oil  imports  to  satisfy  our  energy  needs. 

From  an  Air  Force  perspective,  any  new  source  of  energy  for  air- 
craft will  have  to  be  derivable  from  an  abundant  energy  source,  be 
economic,  be  easily  portable  in  a liquid  state,  have  a high  heat  oi 
combustion,  and  lie  suitable  for  use  in  military  engines.  This  section 
begins  by  examining  the  domestic  energy  resource  alternatives  to  crude 
oil  that  might  be  used  in  the  future  production  ol  jet  fuels,  bv  iden- 
tifying the  most  attractive  jet  tuel  forms  derivable  t rota  these  resources. 
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Fig.  20 — ERDA  projections  of  U.S.  crude -oil  supply 
and  transportation  demands 
(from  Refs.  17  and  18) 

and  by  describing  the  production  processes  that  might  be  used  to  pro- 
duce jet  fuels  from  domestic  resources.  The  production  of  the  three 
most  attractive  jet  fuel  candidates  derivable  from  coal  are  then  com- 
pared in  terms  of  cost,  energy  requirements,  resource  requirements, 
and  environmental  impacts,  to  highlight  some  of  the  major  issues  asso- 
ciated with  synthetic  jet  fuel  production.  The  section  concludes  with 
a discussion  of  the  R&l)  areas  that  would  have  to  be  pursued  to  provide 
a synthetic  jet  fuel  option  for  the  future. 


ENERGY  RESOURCES  FOR  JET  FUELS 

The  spectrum  of  potential  domestic  energy  resource  alternatives 
to  crude  oil  and  natural  gas  is  sizable.  However,  the  extent  to  which 
these  alternatives  will  replace  or  supplement  diminishing  crude  oil  and 
natural  gas  supplies  will  depend  critically  on  the  development  of  tech- 
nology to  extract  useful  energy  from  these  resources  in  an  economic 
and  environmentally  acceptable  manner.  Domestic  energy  resources  can 
be  grouped  into  two  very  broad  categories:  (1)  the  carbonaceous  resources 
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(those  containing  carbon),  and  (2)  the  noncarbonaceous  resources.  Each 
of  these  categories  may  be  further  subdivided  into  resources  that  are 
essentially  inexhaustible  or  renewable  and  those  that  are  essentially 
nonrenewable  (at  least  when  measured  in  time  periods  of  hundreds  rather 

■k 

than  millions  of  years)  (see  Fig.  21).  In  principle,  hydrocarbon 
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Fig.  21 — Categorization  of  U.S.  domestic  energy  resources 


fuels  can  be  obtained  solely  from  carbonaceous  energy  resources  or  in 
combination  with  noncarbonaceous  energy  resources.  Hydrogen  fuel  can 
be  obtained,  in  principle  at  least,  from  any  of  the  sources  shown  in 
Fig.  21. 


Recognize  that  there  is  some  degree  ot  arbitrariness  in  this  clas- 
sification scheme.  Carbonaceous  nonrenewable  energy  resources  could 
be  considered  renewable  over  time  periods  of  millions  of  years.  hike- 
wise,  some  fissionable  resources  are  finite,  .is  are  lithium  and  deuter- 
ium used  in  the  fusion  reaction;  nuclear  fission  I rom  breeders  and 
nuclear  fusion  could  be  considered  nonrenewable  energy  sources  when 
measured  in  thousands  to  billions  of  years.  Ambiguities  exist  with  re- 
gard to  various  sources  of  geothermal  energy  as  well. 
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Figure  22  shows  KRDA's  interpretation  of  domestic  U.S.  energy  sup- 
plies.  Several  compelling  messages  are  apparent  I rom  an  examination 
of  Fig.  22  and  consideration  of  present  U.S.  energy  consumption  patterns. 
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Fig.  22 — Potential  ly  recoverable  domestic  energy  resources 

(from  Ref.  4) 


First,  while  the  United  States  is  richly  endowed  with  energv  resources 
capable  of  supplying  energy  needs  for  many  years  to  come,  the  nation 
currently  relies  heavily  on  a narrow  and  declining  resource  base  oi 
crude  oil  and  natural  gas  for  74  pereent  of  its  energy  needs.  Consid- 
eration of  tlie  alternatives  to  crude  oil  and  natural  gas  indicates  that 


The  interested  reader  is  referred  to  the  appendix  for  more  de- 
tails about  the  extent,  distribution,  and  character  i st  ies  ol  the  de- 
mestic  energy  resource  base. 

Derived  I rom  Bureau  oi  Mines  and  Edison  l.lectrii  Institute  data 
for  1975. 


oil  shale  and  coal  are  the  nation's  most  abundant  fossil  resources. 

As  will  be  discussed  below,  technologies  have  been  and  are  being  de- 
veloped for  converting  these  solid  resources  to  gaseous  and  liquid 
forms  suitable  for  processing  into  jet  fuels. 

The  ultimate  size  of  the  uranium  resource  base  depends  on  the  type 
of  technology  assumed  to  be  available  to  convert  the  uranium  to  useful 
energy.  Figure  22  indicates  that  the  introduction  of  breeder  reactors 
that  could  convert  abundant  but  nonf issionable  uranium-238  into  fission- 
able isotopes  could  dramatically  expand  the  energy  recoverable  from 
our  uranium  resource  base.  From  an  aviation  perspective,  the  most  im- 
mediately apparent  application  of  nuclear-generated  heat  or  electricits 
would  be  in  the  production  of  hydrogen — one  aviation  fuel  candidate  lor 
the  future. 

Solar  energy  and  fusion  hold  the  promise  of  providing  virtually 
limitless  energy  supplies  for  the  future,  economical  technologies 
can  be  developed  to  cope  with  the  intermittent  and  low  energy  value  of 
the  solar  flux,  and  the  formidable  problems  of  controlling  thermonu- 
clear reactions.  Energy  from  these  resources  would  also  probably  be 
most  easily  exploited  for  aviation  in  the  production  of  hydrogen  fuels. 

Department  of  Interior  estimates  of  U.S.  tar  sand  deposits  (an 

energy  resource  not  explicitly  mentioned  in  Fig.  22)  indicate  that  the 

recoverable  energy  content  of  U.S.  tar  sands  would  amount  to,  at  best, 

perhaps  83  quadrillion  Btu — less  than  10  percent  that  of  any  of  the 

(19  >o) 

other  resources  shown  in  Fig.  22.  ’ Hence,  it  seems  unlikely  that 

U.S.  tar  sands  could  ever  constitute  Lhe  basis  for  any  large  domestic 
synthetic  fuel:  industry. 

Deriving  energy  from  organic  matter  (e.g.,  waste  products,  energy 
crops),  another  energy  resource  not  mentioned  in  Fig.  22,  is  just  one 
of  the  means  by  which  the  solar  t lux  can  be  harnessed  to  provide  useful 
energy  (e.g.,  wind  generators,  tides,  hydropower,  photovoltaii  conver- 
sion, central  station  thermal  electric  generation).  However,  it  is 
distinguished  from  many  of  the  other  solar  technologies  in  that  it  pro- 
vides an  alternative  carbonaceous  energy  source  to  lossil  t ue 1 s that 
i.  renewable.  I'lie  potential  contribution  of  this  component  of  solar 
energy  technology  to  future  energy  supplies  will  have  to  await  resolu 
tii'n  of  technical  and  economic  mice  rt  a i n t ies  . 
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We  can  summarize  this  overview  of  domestic  energy  resources  by 
noting  that  the  energy  resource  alternatives  to  crude  oil  and  natural 
gas  are  many;  however,  the  ultimate  recovery  and  use  of  each  of  these 
alternatives  over  time  will  be  dictated  by  the  development  of  economical 
technologies  to  supply  this  energy  to  energy  consumers,  including  thc- 
military . 

PROSPECTIVE  JET  FUELS 
Background 

Used  either  singly  or  in  combination  with  other  energy  resource 
alternatives  to  crude  oil,  the  resources  just  described  can  be  pro- 
cessed into  a wide  variety  of  alternative  jet  fuels.  The  extensive 
list  of  fuel  candidates  in  Table  2 was  narrowed  down  to  three  alter- 
natives by  (1)  examining  the  comparative  physical  properties  of  the 
fuels  in  the  context  of  aviation  applications,  and  (2)  developing 
conceptual  aircraft  designs  for  the  most  promising  alternatives  to 
evaluate  their  performance.  One  of  the  primary  driving  mechanisms 
in  reducing  the  list  of  viable  candidates  was  the  very  low  gravimetric 
heats  of  combustion  (heat  content  per  pound)  of  many  of  the  fuel  candi- 
dates (e.g.,  ammonia,  methanol,  and  hydrazine).  This  undesirable  phy- 
sical characteristic  resulted  in  aircraft  gross  weights  far  in  excess 
of  those  using  the  most  attractive  fuels.  To  a lesser  extent,  the 
energy  required  for  production,  cost  considerations,  and  technical  di>- 
ficulties  in  fuel  production  also  reduced  the  list  of  viable  fuel  al- 
ternatives. In  particular,  for  the  cases  of  acetylene  and  propane, 
which  have  gross  characteristics  similar  to  JP-typo  fuels,  we  were  un- 
able to  identify  any  synthesis  processes  in  which  either  ol  those  rela- 
tively complex  hydrocarbons  could  be  manufactured  at  a lower  unit  energy 
cost  than  that  projected  for  a JP  fuel. 

As  a result  of  the  screening  process,  three  fuels  were  tentatively 
identified  as  being  the  most  attractive — liquid  hydrogen,  liquid  methane 
and  a synthetic  jet  fuel  that  might  be  similar  to  either  naphtha-based 


The  reader  is  referred  to  Ret.  8 lor  the  details  of  this  screen- 
ing process. 


k 


PROPERTIES  OF  CANDIDATE  FUELS 


Included  for  reference  onlv 


-41- 


jet  fuels  (e.g.,  JP-4,  JET-ii)  or  kerosene-based  jet  fuels  (e.g.,  JP-5, 
JP-8,  JET-A)  in  use  today  as  derived  from  crude  oil.  Before  describ- 
ing some  of  the  processes  by  which  these  fuel  candidates  may  be  pro- 
duced, we  first  briefly  discuss  some  of  the  physical  properties  of  the 
fuels . 

Liquid  Hydrogen 

Recent  interest  in  hydrogen  as  a fuel  has  resulted  from  the  grow- 
ing awareness  that  our  current  fossil  energy  resources  are  indeed  finite. 
Consequently,  because  hydrogen  can  be  produced  from  water — a renewable 
and  universal  raw  material — using  relatively  inexhaustible  energy  sources 
such  as  nuclear  fission  (given  the  development  of  breeder  reactors) , 
nuclear  fusion,  or  solar  energy,  it  has  been  suggested  that  hydrogen 
may  be  the  universal  fuel  of  the  future.  The  concept  of  an  energy 

industry  based  on  using  hydrogen  for  energy  storage,  distribution,  and 

(21) 

utilization  has  been  termed  "The  Hydrogen  Economy." 

Under  standard  conditions  hydrogen  is  a colorless,  odorless,  non- 
toxic gas.  In  its  liquid  state,  hydrogen  requires  sophisticated  cryo- 
genic storage,  because  of  its  very  low  boiling  point.  Given  the  exces- 
sive weight  penalties  associated  with  storing  hydrogen  in  its  gaseous 
form,  or  in  a metal  hydride,  cryogenic  storage  of  liquid  hydrogen  ap- 
pears to  be  the  only  viable  method  for  using  hydrogen  in  aircraft  ap- 

(22) 

plications  using  current  or  foreseeable  technology. 

Perhaps  the  most  attractive  property  of  liquid  hydrogen  for  avia- 
tion applications  is  its  high  gravimetric  heat  of  combustion.  Uince 
the  heat  of  combustion  is  nearly  2.8  times  that  of  JP-4,  the  specific 
fuel  consumption  of  the  hydrogen  engine  is  therefore  reduced  by  approx- 
imately that  factor,  so  aircraft  fuel  weight  is  accordingly  reduced. 

These  weight  savings  can  translate  into  energy  savings  in  aircraft 
operations;  however,  the  energy  required  to  produce  and  distribute 
the  liquid  hydrogen  must  also  be  considered.  This  subject  is  addressed 
later  in  this  section. 

Liquid  hydrogen  also  offers  some  other  advantages  not  apparent 
from  the  few  physical  properties  noted  in  Table  2.  The  high  specific 


■ 
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heat  o£  hydrogen  might  allow  it  to  be  used  as  a heat  sink  for  aircraft 
and  engine  cooling.  The  heat  from  the  hot  engine  and  aircraft  parts 
could  be  transferred  to  the  hydrogen  fuel  via  a heat  exchanger  before 
it  entered  the  combustion  chambers,  thereby  forming  a regenerative, 
no-loss  cooling  system,  which  could  result  in  smaller,  lighter,  and  more 
efficient  engines,  further  reducing  specific  fuel  consumption  and  air- 
craft fuel  weight  beyond  that  due  to  the  high  heat  of  combustion. 

Experts  also  estimate  that  the  purity  of  liquid  hydrogen  and  the 
fact  that  it  can  be  injected  into  the  combustor  in  gaseous  form  might 
significantly  improve  the  life  of  gas  turbine  components  and  reduce 
maintenance  requirements.  Ttie  rapid  mixing  and  diffusion  character is- 
tics  of  hydrogen  in  air  promote  smooth  ignition  and  uniform  temperature 
profiles  that  could  reduce  thermal  stresses  in  metal  parts.  The  low 
emissivitv  of  the  hydrogen  flame  could  also  reduce  metal  temperatures. 
All  of  these  qualities  might  tend  to  impose  a less  rigorous  operating 

condition  on  the  liquid-hydrogen-fueled  engine  than  on  a JP-fueled 

, , (23) 

engine  of  comparable  performance. 

The  comparative  safety  of  liquid  hydrogen  and  conventional  air- 
craft fuels  is  a controversial  issue.  When  liquid  hydrogen  spills  or 
leaks,  the  fuel  immediately  vaporizes  and  dissipates  rapidly  into  the 
air,  unlike  conventional  hydrocarbon  fuels.  Conversely,  the  wide  flam- 
mability limits  of  hydrogen  and  low  energy  levels  required  for  its  ig- 
nition would  call  for  careful  handling  by  skilled  personnel.  Coping 
with  the  boil-off  from  cryogenic  tank  storage  would  also  require  pro- 
cedures far  different  from  those  used  for  conventional  fuels.  Liquid 

hydrogen  has,  however,  been  routinely  handled  in  the  U.S.  space  program 

(2  1) 

by  skilled  personnel  without  serious  accidents  for  many  years. 

Perhaps  the  greatest  disadvantage  of  liquid  hydrogen  is  its  low 
density,  requiring  nearly  four  times  the  tank  volume  as  a JP-tvpe  fuel 
to  carry  an  equivalent  amount  of  energy.  Such  increases  in  tank  volume 
may  result  in  increased  drag,  reduced  lift-to-drag  ratios,  and  tank  con- 
figurations not  commonly  used  on  JP-fueled  aircraft.  This  characteris- 
tic also  probably  limits  the  use  of  liquid  hydrogen  to  transport -c lass 
aircraft.  Despite  the  drawbacks,  airframe  manufacturers  feel  there  are 
no  major  airframe  or  propulsion  technological  impediments  to  the 
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development  of  a liquid-hydrogen-fueled  subsonic  transport  in  the  next 
* 

15  years. 

Liquid  Methane 

Methane,  the  primary  constituent  of  natural  gas  produced  in  the 
United  States,  has  found  great  use  both  as  a clear  burning  gaseous 
fuel  and  as  a chemical  feedstock.  The  importation  of  liquefied  natural 
gas  (LNG) , the  fuel  form  in  its  cryogenic  state,  has  increased  signif- 
icantly in  recent  years  as  domestic  natural  gas  production  has  diminished. 

Methane,  a gas  under  standard  conditions,  is  colorless,  odorless 
(without  the  addition  of  odorants),  and  nontoxic,  except  as  an  asphyx- 
iant. it  has  a gravimetric  heat  of  combustion  about  15  percent  greater 
than  that  of  conventional  petroleum-based  jet  fuels,  but  this  is  off- 
set by  its  40  percent  lower  volumetric  heat  of  combustion,  a consequence 
of  its  low  density.  As  with  liquid  hydrogen,  the  cryogenic  form  of 
methane  would  require  fuel  tank  designs  and  handling  techniques  dif- 
ferent from  those  used  for  more  conventional  liquid  fuels.  Liquid 
methane,  when  spilled,  does  not  diffuse  as  rapidly  as  hydrogen  because 
of  its  greater  specific  weight  at  standard  conditions,  which  could 
represent  a greater  safety  hazard. 

Synthetic  JP 

JP-4  and  JP-5  are  the  military  designations  for  the  petroleum- 
based  jet  fuels  currently  used  by  the  Air  Force  and  the  Navy,  respec- 
tively. JP-8  is  a new  military  jet  fuel  similar  in  characteristics  to 
kerosene-based  jet  fuels  such  as  JLT-A-1  used  by  commercial  air  car- 
riers. Inclusion  of  existing  JP  fuels  in  Table  2 is  not  meant  to  im- 
ply that  synthetic  jet  fuels  derived  from  sources  other  than  petroleum 
will  exhibit  physical  and  chemical  properties  identical  to  those  in 

★ 

Personal  :ommunicat ions  from  G.  Daniel  Brewer,  Russ  Hupps,  R.  L. 
Dickinson,  Russell  Sessing,  and  Don  L.  Kelley,  Lockheed-Calif ornia  Com- 
pany, October  1974,  and  from  P.  t . Whitener,  R.  B.  Brown,  and  D.  C. 
Andrews,  Boeing  Aerospace  Company,  Seattle,  Washington,  October  lb 
and  17,  1974. 
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use  today,  but  rather  it  is  meant  to  indicate  that  synthetic  jet  fuels 

* 

may  be  similar  to  naphtha-based  wide-cut  jet  fuels,  such  as  JP-4,  or 

k 

kerosene-based  narrow-cut  jet  fuels,  such  as  JP-5  or  JP-8. 

The  USAF  Scientific  Advisory  Board  Ad  Hoc  Committee  on  Future  Air 
Force  Energy  Needs  has  recommended  that  the  Air  Force  make  the  transi- 
tion from  JP-4  to  JP-8.  This  recommendation  was  prompted  by  the  con- 
siderable competition  that  exists  for  the  naphtha  fraction  of  crude 
oil,  particularly  for  the  production  of  low-lead  and  lead-free  gasoline 

and  for  petrochemical  feedstocks,  which  is  driving  the  costs  of  naphtha- 

(24) 

based  JP-4  into  the  premium  fuel  category.  A recent  DoD  directive 

has  been  issued  prescribing  that  all  new  turbine-powered  aircraft  be 
designed  to  operate  on  JP-8,  as  well  as  on  JP-5  and  JP-4,  which  should 

give  the  DoD  more  flexibility  in  procurement  of  aviation  fuels  in  the 

c „ (25) 

future . 

A synthetic  jet  fuel  witli  characteristics  similar  to  the  kerosene- 
or  naphtha-based  jet  fuels  in  use  today  probably  represents  the  best 
compromise  between  volumetric  and  gravimetric  heats  of  combustion  of 
any  of  the  fuels  noted  in  Table  2.  The  fact  that  such  a fuel  would 
also  be  largely  compatible  with  existing  patterns  of  jet  fuel  storage, 
distribution,  and  use  also  makes  a synthetic  JP  fuel  attractive. 

FUEl , PRODUCTION  PROCESSES 

Overview 

A multitude  of  possible  techniques  exist  for  producing  the  three 
synthetic  jet  fuel  candidates  from  the  various  U.S.  domestic  energv 
resources.  Figure  23  illustrates  a representative,  but  by  no  means 
exhaustive,  set  of  techniques  for  producing  the  fuels  from  energy  re- 
source alternatives  to  diminishing  reserves  of  domestic  crude  oil  and 
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over  which  each  fuel  is  recovered  during  the  distillation  ol  the  crude- 
oil  product  (whether  it  be  a petroleum  crude  or  a svnthetic  crude  de- 
rived from  coal  or  oil  shale). 
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Fig.  23 — Overview  of  synthetic  fuel  production  processes 

fuels  of  interest.  Oil  shale  could  also  assume  such  a role,  although 
attention  thus  tar  has  focused  on  deriving  premium  liquid  crude  feed- 
stocks from  oil  shale. 

Note  also  in  Fig.  23  that  hydrogen  can  be  derived  from  water  using 
any  of  the  energy  resources  that  many  postulate  will  be  the  ultimate 
major  sources  of  energy  for  the  United  States  and  the  world  (e.g., 
solar,  nuclear  fusion,  and  nuclear  fission).  This  attribute  may  be- 
come increasingly  important  at  some  time  in  the  indeterminate  future 
when  fossil  resources  may  become  too  valuable  to  use  for  energy  purposes. 

The  production  of  the  hydrocarbon  fuel  alternatives,  synthetic  -IF 
and  liquid  methane,  from  renewable  resources  is  more  limited.  In  par- 
ticular, a long-term  commitment  to  the  use  of  biomass  or  waste  products 
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seems  to  be  tlie  only  alternative  if  fossil  fuels  are  not  available  at 
some  indefinite  time  in  the  future.  This  discounts  the  possibility  01 
using  atmospheric  carbon  dioxide  as  a source  of  carbon  in  the  synthesis 
of  these  fuels.  The  limited  investigations  of  this  concept  suggest 

that  such  a process  would  be  extremely  costly  both  in  an  energy  and  in 

,.  , (26,27) 

a fiscal  sense. 

Figure  23  illustrates  some  of  the  potential  opportunities  for  syn- 
ergism between  the  different  energy  supply  processes.  For  example,  the 
electrolysis  of  water  using  nuclear-generated  electricity  results  in 
hydrogen  and  oxygen.  The  hydrogen  might  be  used  directly  as  a gaseous 
fuel,  liquefied  for  transportation  applications,  or  pipelined  to  a con- 
ventional refinery  for  use  in  the  refining  of  crude  oil.  The  oxygen 
produced  by  electrolysis  might  profitably  be  used  in  a coal  gasifica- 
tion plant,  where  air  separation  facilities  normally  constitute  a major 
component  of  plant  costs. 

When  one  considers  the  resource  base  of  each  of  the  resources  in 
Fig.  23,  the  present  and  foreseeable  technology  lor  converting  these 
resources  into  the  jet  fuels  of  interest,  and  the  evolving  energy  R&l) 
technologies  being  emphasized  in  the  United  States  today,  particular 
resources  and  technologies  assume  greater  importance  than  others  during 
the  50  year  time  period  of  interest  considered  in  this  fuels  assessment. 
In  particular,  the  size  of  the  domestic  coal  resource  base,  the  maturity 
of  the  coal  extraction  industry,  the  fact  that  coaL  gasification  pro- 
cesses are  on  the  verge  of  commercialization,  the  fact  that  large  coal 
liquefaction  demonstration  plants  are  scheduled  to  be  built  during  the 
next  three  years,  and  the  aggressive  efforts  of  ERDA  in  developing  ad- 
vanced coal  conversion  technologies  all  tend  to  indicate  that  coal's 
role  in  supplying  energy  to  the  United  States  will  expand  significantly 
between  now  and  the  end  of  the  century.  For  similar  reasons,  much  the 
same  can  be  said  of  oil  shale's  future  role  in  supplying  energv. 

Assessing  the  potential  future  contribution  of  the  other  carbona- 
ceous resources  is  more  difficult.  Domestic  tar  sand  resources,  par- 
ticularly in  comparison  to  the  other  fossil  resources,  do  not  appear 
adequate  to  support  a major  synthetic  fuels  industry.  Some  technologies 
for  generating  energy  from  urban  wastes  have  already  been  commercialized. 
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although  t lie  empliasis  to  date  has  been  on  either  direct  combustion  for 

electric  power  generation  or  the  conversion  of  wastes  to  liquid  or  gas- 

(28,29) 

eous  fuel  forms  for  local  power  generation.  There  are  still 

many  unanswered  questions  relating  to  the  ultimate  role  of  energy 

(30) 

crops. 

The  discussion  below  gives  an  abbreviated  overview  of  the  produc- 
tion of  the  three  jet  fuel  alternatives  using  coal  and  oil  shale  as 
energy  sources.  Also  discussed  is  the  production  of  hydrogen  using 
nuclear  power  as  an  energy  source,  probably  the  most  viable  noncar- 
bonaceous  energy  source  from  whicli  hydrogen  may  be  produced,  at  least 
throughout  this  century. 


: ic  JP  Produc t ion 
Synthetic  JP  from  Coal.  Synthetic  JP  production  from  coal  has 
two  major  process  steps:  (1)  coal  liquefaction  to  produce  a synthetic 

crude  oil,  and  (2)  the  refining  of  that  synthetic  crude  oil  to  jet 
fuel  and  other  products.  The  liquefaction  and  refining  facilities  may 
be  separate  or  integrated.  The  conversion  of  coal  into  a liquid  basi- 
cally entails  reducing  the  car bon-to-hydrogen  weight  ratio,  almost 
always  by  adding  hydrogen.  The  hydrogen  is  usually  derived  from  water 
(in  the  form  of  steam).  The  energy  to  generate  the  steam  and  to  sep- 
arate the  hvdrpgen  from  water  is  most  economically  obtained  from  the 

, ,f  01,32) 

coa  1 itseli . 

Some  of  the  key  parameters  associated  with  the  four  major  tech- 
nologies for  producing  coal  liquids  are  shown  in  Table  3.  None  ot  the 
technologies  have  vet  been  commercialized  in  the  United  States,  al- 
though pilot  plants  using  the  first  three  technologies  have  been  built 
or  are  scheduled  to  be  completed  before  the  end  of  this  decade.  In 
the  comparative  tuel  evaluation  presented  later  in  this  section,  tne 
direct  hydrogenat  ion  H-Coal  process  is  used  as  a reprosen  tat  ivt  .-.m  I 
liquefaction  technology  because  it  provides  the  largest  yield  oi 
liquid  products,  provides  a premium  synthetic  crude  oil  suitable  lor 
refining  into  jet  fuels,  and  because  it  is  a process  that  is  tveiv 
ing  strong  support  1 rom  URPA. 


I 


COAL  LIQUEFACTION  TECHNOLOGIES 


The  technology  for  refining  crude  oils  into  a spectrum  of  products 
is  highly  advanced  in  the  United  States.  Major  oil  companies  in  cooper- 
ation with  ERDA,  NASA,  the  Navy,  and  the  Air  Force  are  now  attempting 
to  determine  through  analytical  procedures  and  experimental  tests  the 

unique  process  requirements  for  refining  coal  syncrudes  into  military 

(34) 

fuels.  Early  work  by  the  Sun  Oil  Company  and  the  Atlantic  Richfield 
Company  (ARCO) ^ ^ is  now  being  extended  by  the  Exxon  Research  and 
Engineering  Company  under  contract  to  the  Air  Force  Aero-Propulsion 
Laboratory  to  assess  the  feasibility  and  process  requirements  for  pro- 
ducing jet  fuels  from  coal-derived  crude  oils.  Following  an  experimental 
phase,  material,  equipment,  and  processing  requirements  will  be  assessed 
overall,  as  will  the  potential  increase  in  jet  fuel  availability  as  a 
function  of  broadened  specifications. 

The  results  of  these  studies  indicate  that  the  distillation  of 
coal  syncrudes  produces  more  material  in  the  kerosene  (narrow-cut  jet 
tuel)  boiling  range  than  is  the  case  with  typical  natural  crude  oils 
(Table  4).  This  is  a favorable  result,  since  the  major  proportion  ol 
DoD  liquid-fuel  consumption  is  in  the  form  of  jet  fuel.  This  could 
assume  even  greater  importance  in  the  future  as  the  Air  Force  changes 
from  wide-cut,  naphtha-based  JP-4  to  narrow-cut  JP-8. 


Table  4 

DISTILLATION  YIELDS  OF  CRUDE  OIL  AND  COAL  SYNCRUDE 


Boiling  Range  (°F) 

Distillation  Yields 
(volume  percent) 

East  Texas 
Crude 

H-Coal 
Sync rude3 

COED 

Syncrude3 

C '-400  (gasoline) 

40 

37 

33 

400-515  (kerosene) 

14 

26 

27 

535-650  (heating  oil) 

12 

17 

24 

650-975  (fuel  oil) 

20 

20 

16 

97  5+ 

14 

— 

— 

100 

100 

100 

SOURCE:  Refs.  31  and  35 . 

'Derived  from  Illinois  No.  h coal. 
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Nevertheless , virtually  all  of  the  laboratory  experiments  to  date 
suggest  that  straight-run  distillation  of  synthetic  coal  crudes  will 
not  produce  a product  that  can  meet  current  jet  fuel  specifications, 
but  rather  results  in  a product  high  in  aromatic  content  and  deficient 
in  hydrogen.  This  high  aromatic  content  can  create  iiot  spots  and  burn- 
throughs  in  jet  engine  combustors,  generate  excessive  smoke  and  infrared 

signatures,  raise  fuel  freezing  points,  and  accelerate  the  wear  of  en- 

, (5,37,38)  ,,  , , , .... 

gine  seals.  However,  these  same  laboratory  experiments  indi- 

cate that  high-pressure  hydrotreating  (1000  to  3000  psi),  which  is  not 
uncommon  in  today's  refineries,  can  reduce  the  aromatic  content  to  a 
few  percent,  resulting  in  a fuel  product  that  can  meet  most  of  current 
jet  fuel  specifications.  The  experiments  also  suggest  that  the  amount 
of  processing  required  can  be  a strong  function  of  the  coal  and  lique- 
faction process  used.  For  instance,  the  ARCO  results  indicate  that 
middle  distillate  fractions  of  syncrudes  from  western  coals  have  less 
than  one-half  the  aromatic  content  of  midwestern  coals,  which  could 
have  an  important  bearing  on  refining  costs. 

In  summary,  current  evidence  suggests  that  coal  syncrudes  can  be 
refined  into  jet  fuels  that  meet  most  of  current  narrow-cut  jet  fuel 
specifications,  given  some  hydrotreating  of  the  kerosene  fraction. 

(The  analysis  in  the  next  section  assumes  a refinery  with  both  hydro- 
treating  facilities  and  hydrocracking  facilities  to  maximize  jet  fuel 
production.)  The  optimum  tradeoff  between  hydrotreatment  at  the  re- 
finery and  new  or  modified  engine  designs  to  cope  with  off-specification 
fuels  has  not  yet  been  determined.  It  is  not  yet  apparent  whether  coal 
syncrude  refineries  will  initially  be  dedicated  facilities  or  whether 
a more  economic  strategy  will  be  to  blend  coal  syncrudes  with  existing 
natural  crude  oils  before  refining. 

Synthetic  JP  from  Oil  Shale.  Synthetic  Jl’  production  from  oil 
shale  involves  (1)  a retorting  process  in  which  the  shale  is  crushed 
and  heated  to  release  the  crude  shale  oil  product  from  the  shale, 
and  (2)  the  refining  of  the  crude  shale  oil  into  synthetic  JP  and  other 
products.  The  oil  shale  may  be  mined  and  processed  in  a surface  retort 
or  processed  V r ' ‘ < and  pumped  to  the  surface. 
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The  three  major  processes  closest  to  commercialization  are  the 
PARAHO  process,  the  TOSCO-II  process,  and  the  Union  Oil  process — all 
developed  largely  by  private  sector  R&D.  ERDA  and  Occidental  Petro- 
leum are  concentrating  on  the  in  situ  techniques,  which  may  allow  the 
recovery  of  oil  from  shale  deposits  that  are  not  readily  recoverable 

using  conventional  mining  techniques  and  at  the  same  time  reduce  the 

(29  39  40) 

problems  posed  by  spent  shale  disposal.  * ’ 

Crude  shale  oils  derived  from  major  domestic  deposits  in  Colorado 
have  been  refined  in  laboratories  and  in  a conventional  crude-oil  re- 
finery. The  results  of  these  tests  indicate  that  it  is  both  feasible 
and  practical  to  refine  crude  shale  oil  into  military  fuels  meeting 
most  product  specifications.  The  largest  program  to  date  was  sponsored 
by  the  Navy  Energy  and  Natural  Resources  R&D  Office  in  which  10,000 

barrels  of  crude  shale  oil  were  refined  in  a conventional  crude-oil 

,,  (39) 

refinery. 

The  refined  fuels,  including  JP-4,  JP-5 , and  JET-A,  while  meeting 
most  specifications,  were  found  to  be  high  in  particulate  matter  and 
gum  content  and  exhibited  poor  storage  and  thermal  stability.  How- 
ever, in  the  judgment  of  the  investigators,  these  problems  were  proba- 
bly a consequence  of  the  particular  refinery  setup  and  could  be  amelio- 
rated by  higher  pressure  hydrogenation  (2000  to  3000  psi)  and  clay 
treatment.  The  refined  fuels  were  delivered  to  a number  of  government 
laboratories,  including  the  Air  Force  Aero-Propulsion  Laboratory, 
for  test  and  evaluation.  After  further  treatment,  the  JP-4  was  suc- 

(39) 

cessfully  used  on  a routine  T-39  flight. 

The  other  major  refining  experiment  now  currently  under  wav  is 
Exxon's  refining  of  coal  syncrudes  and  sfiale  syncrudes  into  jet  fuels 
for  the  Air  Force  Aero-Propulsion  Laboratory.  Exxon  is  refining  barrel- 
quantity  samples  from  the  PARAHO,  TOSCO,  and  Occidental  processes. 
Preliminary  results  reported  by  Exxon  indicate  tiiat  most  specifications 
for  JET -A  and  JP-4  can  be  met.  All  of  the  fuel  blends  produced  in 
Exxon's  laboratory  setup  using  normal  severity  hydrotreatment  had  satis- 
factory thermal  stability.  Exxon  has  also  observed  that  only  the  TOSCO 
shale-oil  product  provides  a reasonable  yield  of  wide-cut,  JP-4-type 
jet  fuel.  They  attribute  this  to  the  fact  that  many  of  the  development 
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facilities  use  the  light  condensable  liquids  and  gases  as  fuel  within 
the  processes.  They  also  attribute  the  small  quantity  of  wide-cut 
material  to  the  high  altitude  of  the  facilities,  which  causes  the 


product  to  lose  its  more  volatile  components  in  the  heated  storage 
(36) 


tanks.''”'  Whether  this  will  continue  to  be  the  case  with  full-scale 
commercial  facilities  is  an  open  question. 

in  summary,  results  indicate  that  shale  oils  can  be  refined  to 
meet  most  or  all  of  current  jet  fuel  specifications  and  also  that  they 
can  probably  be  refined  in  existing  crude-oil  refineries  with  only 
modest  adjustments  to  those  facilities.  Whether  economics  will  ulti- 
mately dictate  that  shale  oils  be  refined  to  current  specifications  or 
that  future  engines  be  designed  to  operate  on  a broader  range  of  fuels 
has  yet  to  be  determined. 


Liquid  Methane  from  Coal 

The  production  of  liquid  methane  from  coal  involves  (1)  a gasili- 
cation  process  that  can  occur  above  ground  or  to  convert  the 

coal  into  a raw  synthesis  gas,  (2)  a methanation  step  to  upgrade  the 
methane  content  of  the  gas,  and  (3)  a liquefaction  process  to  cool  the 
gas  to  its  liquid  state  of  -249°F. 

Characteristics  of  the  major  surface  coal  gasification  techniques 
are  noted  in  Table  5.  Present  utility  and  pipeline  company  planning 
indicates  that  the  L.urgi  process  will  probably  constitute  the  backbone 


of  any  initial  commercial-scale  coal  gasification  industry  in  the  United 
KRDA  has  recently  awarded  phase  1 (design  phase)  con- 


states. 

tracts  to  two  contractors  for  demonstration  size  facilities  that  will 
process  from  2000  to  7100  tons  per  day  of  coal  using  a slagging  l.urgi 
process  and  the  COGAS  process  (coal-oil-gas,  a variation  of  the  COLD 
coal  liquefaction  process).  The  entire  demonstration  program  is  sched- 
uled to  he  completed  by  1984.  Because  present  planning  suggests  that 
some  version  of  tiie  Lurgi  process  is  likely  to  be  one  of  the  first 
coal  gasification  technologies  commercialized  domestically,  the  com- 


parative fuels  evaluation  presented  later  in  this  section  assumes  Lurgi 

(29, 31) 
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technology  is  employed  to  produce  gaseous  methane. 
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Once  coal  lias  been  gasified  and  the  resulting  synthesis  gas  vueth- 
anated,  it  can  be  introduced  into  conventional  high-pressure  pipelines 
tor  distribution  to  a methane  liquefaction  plant  that  would  normally 
be  located  near  an  air  base  to  minimize  the  problems  of  distributing 
large  quantities  of  cryogenic  methane. 

The  technology  for  the  liquefaction  of  natural  gas  on  a large  com- 
mercial scale  is  well  established,  with  major  plants  being  located  in 

(44) 

Algeria,  Libya,  Borneo,  the  USSR,  and  Alaska.  The  basic  liquet  ac- 

tion process  consists  first  of  purifying  the  gaseous  methane,  to  ensure 
that  no  hydration  or  solidification  of  impurities  occurs  to  block  pas- 
sages in  the  liquefaction  heat  exchangers.  typically,  the  gas  is  then 
cooled  through  a heat  exchange  process  to  a temperature  of  -259° F. 

(45) 

The  liquid  methane  is  then  stored  in  insulated  tanks  lor  later  use. 

Large  methane  liquefaction  complexes  typically  derive  their  elec- 
trical energy  lor  compression  equipment  from  the  gaseous  methane  enter- 
ing the  complex.  These  fuel  expenditures,  together  with  losses, 

account  lor  about  17  percent  ol  the  gaseous  methane  entering  the  lique- 
(45) 

I act  ion  plant. 

In  summary,  technologies  commercially  proven,  albeit  in  other 
countries,  or  new  technologies  under  development  in  this  country, 
could  be  used  to  convert  coal  to  a liquid  methane  fuel  suitable  lor 
a i rural t applications. 

Liquid  Hydrogen  Product  ion 

1 lie  production  of  liquid  hydrogen  considered  here  involves  (1) 
obtaining  gaseous  hydrogen  via  coal  gasification  or  water-splitting, 
processes,  (2)  a possible  purification  ol  the  gaseous  product,  (!) 
tlie  1 i quo  I ac t ion  ol  the  gaseous  hydrogen,  and  (4)  an  ortho  to  para 
energy  conversion  of  the  liquid  hydrogen  that  renders  it  suitable  tor 
storage . 

file  traditional  method  ol  producing  gaseous  hydrogen  from  coal  con- 
sists ot  reacting  coal  wiLli  steam  and  oxygen  to  form  a synthesis  gas. 

A subsequent  water  gas  sli  i I t reaction  and  removal  ot  the  carbon  diox- 
ide and  residual  carbon  monoxide  result  in  a gas  rich  in  hvdrogen  • * * ’ ' 
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Although  the  current  emphasis  in  the  United  States  is  on  the  de- 
velopment and  commercialization  of  high-Btu  coal  gasification  processes, 
these  same  processes  already  described  could  be  used  with  some  modifi- 
cations to  produce  gaseous  hydrogen.  The  modifications  would  include 
a requirement  for  water  gas  shift  equipment  to  increase  the  hydrogen 
and  carbon  monoxide  conte'nt  of  the  synthesis  gas  at  the  expense  of 
methane  product  ion . ^ ; The  analysis  of  the  three  fuel  alternatives 
as  derived  from  coal,  to  be  presented  in  a succeeding  subsection,  pre- 
sumes that  the  above  modifications  are  made  to  a Lurgi  high-Btu  coal 
gasification  plant  to  enable  it  to  produce  a gaseous  hydrogen  product. 

A less  traditional  second-generation  approach  is  being  explored  by  the 
Institute  of  Gas  Technology  under  ERDA  sponsorship,  in  which  hydrogen 
is  produced  by  the  decomposition  of  steam  by  iron  oxide.  A small 
pilot  plant  was  scheduled  to  begin  operating  during  the  last  quarter 
of  1976  to  demonstrate  the  feasibility  ol  producing  hydrogen  for 
HYGAS  * high-Btu  coal  gasifiers  using  the  steam-iron  approach . ^ ^ ’ "*  ’ 

Gaseous  hydrogen  can  also  be  produced  using  nonfossil  resources 
by  splitting  water  molecules  electroly tical ly , thermally,  or  thermo- 
chemical  ly.  Water  electrolysis  is  a simple,  clean,  proven  technology 
for  generating  hydrogen.  Numerous  analyses  have  shown  that  the  large 
electricity  requirements  of  the  process  result  in  electrolytic  hydrogen 
costs  two  to  three  times  as  much  as  hydrogen  produced  from  coal.  Un- 
derstandably, then,  there  is  much  interest  in  developing  alternative 

i . (49—52) 

water-splitting  schemes  to  reduce  energy  requirements  and  costs. 

Because  of  the  enormous  technical  problems  associated  with  pro- 
ducing hydrogen  by  the  direct  thermal  decomposition  of  water,  research- 


ers have  begun  investigating  the  feasibility  of  thermal ly  decomposing 

water  by  a sequential  operation  of  multistep  chemical  reactions.^ 

Preliminary  laboratory  investigation  of  this  technique  indicates  that 

it  might  theoretically  approach  the  efficiency  of  coal  gasification 

( >0) 

processes  sometime  in  the  future.  lienee,  while  it  is  now  in  a 

primitive  state  of  development , thermochemical  water-splitting  ma\ 
represent  a long-term  non  toss i I -based  option  for  producing  hvdrogen. 

Whether  the  gaseous  hydrogen  is  produced  lrom  coal  or  b\  watei - 
splitting  techniques  using  nuclear  energy,  it  must  be  pur i l iod  and 


) 
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liquefied  and  must  undergo  an  ortho  to  para  energy  conversion  to  render 
it  suitable  for  storage  and  eventual  use  in  an  aircraft;  otherwise, 
as  much  as  70  percent  of  the  liquid  product  could  be  lost  due  to  boil- 
off.  The  basic  technology  for  liquefying  hydrogen  on  a large  scale 
was  developed  in  support  of  the  U.S.  space  program;  toe  largest  commer- 
cially built  and  operated  plant  has  a capacity  of  60  tons  per  day  of 
liquid  hydrogen.  However,  the  scale  of  production  would  have  to  be 
significantly  increased  to  support  aviation  applications;  about  2500 
tons  per  day  might  be  required  to  support  a large  airport  or  air 
base.(55’56) 


Hydrogen  liquefaction  is  an  extremely  energy-intensive  process, 
requiring  large  amounts  of  electric  power  to  drive  the  compression 
equipment  used  in  liquefaction.  A recent  and  comprehensive  study  of 
hydrogen  liquefaction  by  the  Linde  Division  of  Union  Carbide  indicates 
that  a large  liquefaction  facility  would  consume  5.67  kWh(e)  for  every 
pound  of  hydrogen  liquet ied. ^ ’ At  current  thermal  to  electrical  con- 
version efficiencies,  the  thermal  energy  required  to  generate  the  elec- 
tricity to  liquefy  the  hydrogen  exceeds  the  energy  content  of  the 
hydrogen  itself.  For  this  reason,  unlike  methane  liquefaction  facili- 
ties, hydrogen  liquefaction  plants  typically  do  not  use  gaseous  hydro- 
gen as  a source  of  energy  for  power  generation  but  rather  use  purchased 
electric  power  generated  offsite. 

Linde  estimates  that  with  equipment  improvements,  employing  only 
a partial  ortho  to  para  energy  conversion  (requiring  that  consumption 
occur  within  50  hours  after  liquefaction)  and  improved  tail  gas  re- 
covery, the  electric  power  requirement  could  be  reduced  by  19  percent 
in  the  post-1985  time  period.  They  also  estimate  that  tail  gas  recovery 

and  reductions  in  leakage  could  halve  gaseous  hydrogen  losses  in  the 

(55) 

liquefaction  process.  However,  even  with  these  improvements,  the 

hydrogen  liquefaction  process  would  remain  very  energy-intensive,  witli 
costs  being  very  sensitive  to  the  cost  of  the  electric  power. 


OBSERVATIONS 

We  have  surveyed  major  domestic  energy  resource  alternatives 
to  crude  oil  and  natural  gas  that  might  be  used  in  the  synthesis 
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of  military  jet  fuels  in  the  future,  the  characteristics  of  the  most 
attractive  alternatives,  ami  some  of  the  production  processes  by  which 
the  fuels  might  be  obtained.  This  survey  indicates  that  jet  fuels  de- 
rived from  oil  shale  and  coal  have  the  potential  for  beginning  to  make 
a contribution  to  jet  fuel  supplies  between  now  and  the  end  of  the  cen- 
tury because  of  tiie  size  of  the  resource  bases  and  the  pace  of  develop- 
ment of  fuel  conversion  technology  for  these  resources.  The  compara- 
tively small  size  of  the  U.S.  bituminous  tar  sand  resource  base  and  the 
lack  of  aggressive  efforts  to  exploit  this  resource  make  it  unlikely 
that  tar  sands  will  be  a major  energy  source  for  jet  fuels.  The  cur- 
rent technology  emphasis  for  exploiting  organic  energy  sources  is  not 
directed  toward  producing  synthetic  liquids  suitable  for  jet  fuel  pro- 
duction but  rather  toward  solutions  to  urban  waste  problems,  in  the 
process  generating  useful  energy  (primarily  electricity)  for  local  con- 
sumption. 

Liquid  hydrogen  appears  to  be  the  only  jet  fuel  readily  producible 
from  noncarbonaceous  energy  resources,  primarily  through  the  use  of 
heat  and/or  electricity  for  water-splitting.  However,  these  processes 
are  markedly  less  economic  than  producing  hvdrogen  from  coal,  both  in 
an  energy  sense  and  in  a cost  sense.  For  this  reason,  it  seems  highly 
unlikely  that  any  initial  liquid  hydrogen  jet  fuel  industry  in  the 
United  States  would  rely  on  an  energy  resource  other  than  coal. 

Thus,  a pragmatic  view  of  the  resources  and  technologies  involved, 
subject  to  change  as  the  long-term  technologies  develop,  is  that  at 
least  between  now  and  the  end  of  the  century,  coal  and  oil  shale  are 
the  most  attractive  domestic  energy  resource  alternatives  to  crude  oil 
and  natural  gas  for  the  production  of  synthetic  JP,  liquid  methane,  or 
liquid  hydrogen.  Since  development  of  fuel  conversion  technology  for 
oil  shale  is  focusing  on  the  production  of  distillate  products,  such 
as  synthet  1c  Jl’-type  fuels,  a comparison  of  synthetic  JF  derived  from 
oil  shale  and  coal  is  subsequently  examined  in  Sec.  IV. 

COMPARISON  OF  JET  FUEL  ALTERNATIVES  DERIVED  FROM  COAL 

To  compare  the  three  jet  fuel  alternatives  on  a consistent  basis, 


tiie  individual  energy  conversion  facilities  employing  the  technologies 
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already  described  were  assembled  into  representative  fuel  supply  systems 
with  specific  coal  resource  supply  locations  and  fuel  consumption  points 
(Fig.  24).  The  previously  described  assessment  of  resources,  plus  ma- 
terial in  the  appendix,  provided  the  necessary  information  to  locate 
major  coal  deposits,  while  a representative,  yet  manageable,  basing 
scheme  was  adapted  from  a related  applications  analysis  of  very  large 

/ O \ 

airplanes.  * The  fuels  are  first  compared  in  terms  of  the  energy  re- 
quirements for  their  production  and  distribution. 


Fig.  24 — Fuel  supply  paths 

Energy  Requirements  for  Fuel  Production 

Consideration  of  the  energy  expenditures  required  for  fuel  produc- 
tion is  motivated  by  several  factors.  An  understanding  of  the  technical 
reasons  why  certain  fuel  production  processes  are  more  energy-intensive 
than  others  can  lead  to  a greater  understanding  of  the  reasons  why 
fuel  alternatives  differ  in  cost.  Consideration  of  the  energy  required 
to  produce  and  distribute  a fuel  also  permits  a complete  assessment 
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of  the  total  energy  Intensiveness  of  a given  aircraft-fuel  alternative, 
including  not  just  the  fuel  burned  on  board  an  aircraft,  but  also  the 
energy  required  to  convert  the  fuel  to  a form  suitable  for  use  in  an 
aircraft.  Finally,  it  seemed  prudent  to  identify  the  total  energy  re- 
quirements that  particular  fuel  alternatives  would  impose  on  the  nation's 
energy  resource  base,  since  the  Air  Force  will  be  competing  for  these 
energy  supplies  with  many  other  users  in  the  marketplace. 

Figure  25  shows  the  major  components  of  representative  fuel  supply 

„ ......  . (11,28,31,43,45,46,55-60) 

systems  being  developed  from  a variety  of  sources.  ’ ’ ’ ’ 

Let  us  focus  first  on  the  details  of  the  liquid  hydrogen  supply  system. 
Typically,  surface-mined  western  coal  could  be  transported  from  the  mine 
a short  distance  (about  ten  miles,  for  example)  via  a diesel  train  to 
a coal  gasification  plant  that  uses  Lurgi  technology,  where  the  coal 
would  be  gasified,  shifted,  and  purified  to  hydrogen.  The  long-haul 
distribution  leg  would  consist  of  a high-pressure  pipeline  to  a lique- 
faction facility  near  the  air  base.  The  example  shown  is  equivalent 
to  pipelining  the  gaseous  hydrogen  from  the  Wyoming  Powder  River  Basin 
to  the  West  Coast  of  the  United  States,  a distance  of  about  900  miles. 

The  gaseous  hydrogen  would  then  be  converted  to  a liquid  state,  would 
undergo  the  ortho  to  para  conversion,  and  would  then  be  stored  in  cryo- 
genic tanks  for  ultimate  distribution  to  an  aircraft  fueling  manifold 
via  a short  liquid  hydrogen  pipeline  about  two  miles  in  length. 

In  Fig.  25,  the  numbers  enclosed  by  dashed  lines  trace  the  flow 
of  resource  energy  (energy  derived  from  the  primary  energy  resource — 
coal)  from  extraction  to  ultimate  distribution.  In  this  example,  289 
Btu  of  coal  are  required  to  deliver  100  Btu  of  hydrogen  and  35  Btu 
of  by-products.  Of  course,  other  energy  must  also  be  expended  to  fuel 
the  diesel  train,  build  the  facilities,  generate  the  electricity  re- 
quired for  liquefaction,  etc.  This  energy,  termed  process  energy,  is 
shown  below  the  elements  of  the  fuel  supply  system.  Of  primary  interest 
is  the  large  process  energy  expenditure  associated  with  hydrogen  lique- 
faction and  the  ortho  to  para  conversion,  which  is  roughly  equivalent 
to  the  resource  energy  content  of  the  gaseous  hydrogen  entering  the 
facility.  As  a consequence  of  this  expenditure,  about  3.2  Btu  of  energy 
must  be  input  for  every  Btu  of  liquid  hydrogen  and  by-products  output. 


\ 


Thus,  the  liquid  hydrogen  supply  process  is  significantly  more  energy- 
intensive  than  today's  crude-oil  supply  system,  which  requires  about 

•k 

1.2  Btu  of  energy  input  for  every  Btu  of  refined  products  output. 

The  components  of  the  liquid  methane  system  are  essentially  anal- 
ogous to  the  liquid  hydrogen  syst  . A Lurgi  gasifier  is  also  used 
in  the  liquid  methane  supply  system,  but  in  this  case  the  product  gas 
undergoes  a methanation  reaction  which  results  in  a pipeline  quality 
gas  which  is  high  in  methane.  The  liquid  methane  supply  process  re- 
quires less  energy  than  the  liquid  hydrogen  process,  primarily  because 
methane  liquefaction  requires  only  about  10  to  15  percent  of  the  elec- 


tric power  required  for  hydrogen  liquefaction. 


In  this  instance, 


the  literature  suggests  that  typically,  part  of  the  gaseous  methane  is 
used  to  generate  the  electricity  for  liquefaction  because  the  scale 

of  electricity  required  is  sufficiently  low  as  to  not  preclude  on-site 

(28,43,45)  .....  ' , 

power  generation.  With  resource  energy  (the  gaseous  methane) 

supplying  the  energy  for  electric  power  generation,  the  process  energy 

shown  in  Fig.  25  for  methane  liquefaction  accordingly  reflects  only 

the  energy  required  to  build  the  facility.  The  methane  supply  process 

also  requires  less  energy  than  the  hydrogen  process  because  pipelining 

gaseous  methane  requires  only  about  20  to  25  percent  of  the  pumping 

energy  required  when  pumping  gaseous  hydrogen.  This  is  in  part  due  t- 

the  lower  volumetric  heating  value  of  hydrogen  (275  Btu  per  s t . ■ • . « r 

cubic  foot  versus  912  Btu  per  standard  cubic  foot  for  methane). 

The  energy  accounting  shows  that  1.9  Btu  of  energy  must  be  input  ler 

every  Btu  of  liquid  methane  and  by-products  output. 

For  the  synthetic  JF  supply  system,  more  coal  is  required  than  fci 
the  other  two  alternatives.  This  is  because  it  is  estimated  that  less 
than  one-half  of  every  barrel  of  syncrude  produced  by  the  11-Coal  high- 
pressure  hydrogenation  process  could  be  refined  to  yield  a kerosene 
like  jet  fuel;  the  bulk  of  the  remainder  constituting  unleaded  motor 


All  of  the  energy  values  cited  in  the  comparison  are  net  or  lev. 
heating  values,  in  which  the  heat  of  condensation  ol  water  is  not  in- 
cluded. This  is  appropriate  for  controlled  combustion  svslems  such  a^ 
aircraft  engines,  in  which  the  combustion  products  are  discharged  a 
a gas. 


-62- 


gasoline,  which  should  find  a ready  market  around  the  year  2000. 

Thus  the  greater  coal  requirement  is  a direct  reflection  of  the  greater 
amount  of  energy  being  delivered.  The  comparatively  large  process 
energy  required  for  syncrude  refining  is  also  significant.  This  is  a 
consequence  of  the  hydroprocessing  that  the  coal  syncrude  must  undergo, 
primarily  because  of  the  characteristically  high  aromatic  content  of 
coal  syncrude  liquids.  In  the  example  shown,  the  syncrude  refinery 
is  structured  to  maximize  the  output  of  jet  fuel  by  hydrocracking  the 
heavier  distillate  fractions  tc  jet  fuel  and  lighter  products,  primarily 
gasoline.  If  a lower  yield  of  jet  fuel  were  acceptable,  the  energy 
requirements  could  be  reduced.  The  energy  accounting  shows  that  the 
synthetic  JP  supply  process  requires  that  1.7  Btu  of  energy  be  input 
for  every  Btu  of  synthetic  JP  and  by-products  output. 

The  energy  expenditures  shown  in  Fig.  25  are  largely  characteris- 
tic of  current  or  short-term  technology.  The  energy  ratios  shown  on 
the  far  right  might  result  if  some  postulated  improvements  in  the  fuel 
supply  systems  were  to  occur  in  the  future.  As  might  be  expected,  be- 
cause the  hydrogen  supply  process  is  highly  energy-intensive,  it  profits 
the  most  from  possible  improvements  in  technology.  In  developing  pos- 
sible future  energy  ratios,  it  was  assumed  that  hydrogen  gasification 
efficiency  might  be  increased  to  70  percent  with  the  introduction  ol 
advanced  second-generation  equipment.  A modest  4 percent  reduction  in 
pumping  energy  required  for  the  gaseous  hydrogen  pipeline  is  assumed. 

The  most  significant  improvement  would  be  due  to  better  thermal  to 
electrical  conversion  efficiencies — from  the  13  percent  efficiencies  of 
today  to  an  optimistic  50  percent  in  the  future.  It  is  further  assumed 
th.it  the  improvements  in  the  hydrogen  liquefaction  process  discussed 
earlier  could  be  implemented,  with  the  exception  of  the  partial  ortho 
to  para  energy  conversion  requiring  consumption  within  50  hours  of 
production.  This  does  not  seem  viable  from  an  Air  Force  perspe.  t i » 
because  of  the  uncertainty  of  needing  to  draw  large  quantities  o!  fuel 
out  ol  storage  for  contingency  situations  on  an  irregular  bus!-..  Ad- 
ditionally, analyses  ol  hydrogen  storage  requirements,  wa 1 . . n-  . ..  red 

the  reliability  ol  the  individual  units  ol  tin  liquid  hydrogen  supply 
process,  have  indicated  that  a storage  capacity  equivalent  to  . to  1 i 


days  of  daily  production  could  be  required  to  assure  a continuous  supply 
ot  liquid  hydrogen  during  subsystem  module  production  outages.  In 

developing  the  iuture  energy  ratio,  it  was  further  assumed  that  the  loss 
of  liquid  hydrogen  in  pipelining  it  to  the  aircraft  fueling  manifold 
might  be  halved  if  extensive  efforts  were  made  to  recover  vaporized 
fuel.  This  is  a particularly  optimistic  assumption,  since  NASA  experi- 
ence with  handling  liquid  hydrogen  for  space  applications  indicates 
that  only  about  two-thirds  of  the  liquid  hydrogen  delivered  to  the 
Kennedy  Space  Center  is  actually  used  in  launch  vehicles;  the  remain- 
der is  lost  during  tanker  transfers,  to  boil-off  during  storage,  and 
for  fulfilling  gaseous  hydrogen  requirements  lor  purging  tanks,  etc.^'^' 

For  the  liquid  methane  supply  process,  it  is  also  assumed  that 
gasification  efficiency  i;. proves  to  70  percent,  the  gaseous  pipeline 
energy  requirements  are  reduced  by  4 percent,  and  energy  losses  in  the 
liquid  methane  pipeline  are  halved.  For  the  synthetic  JP  process,  it 
is  assumed  that  the  energy  intensiveness  of  the  syncrude  pipeline  is 
improved  modestly.  The  rather  severe  energy  requirement  for  the  syn- 
crude pipeline  shown  in  Fig.  25  is  based  on  the  assumption  that  all 
oi  the  pumping  energy  is  derived  1 rom  electric  power.  This  assumption 
was  more  a result  of  lack  oi  clear  available  information  on  other  more 

efficient  types  ol  pipeline  pumping  than  on  any  technological  limit. i- 

. (S7) 

tion  on  using  other  more  el  I lcient  energy  sour  es  lor  pumping. 

rhe  admittedly  optimistic  set  ol  assumptions  lor  future  improve- 
ments in  the  liquid  hydrogen  supply  process  was  deliberately  assembled 
to  test  the  hypothesis  that  liquid-hydrogen-t ueled  airerait  would  be 
less  energy-intensive  in  the  future  than  the  other  alternatives.  How- 
ever, even  with  this  rather  optimistic  outlook,  a related  Rand  analysis 
indicates  that  lor  a large  class  ol  military  missions,  the  lower  on- 
board consumption  ol  energy  ot  a subsonic  liquid  hydrogen  transport 
aircraft  is  more  than  oil  set  by  the  large  energy  expenditures  associ- 
ated with  the  fuel  production  and  distribution  process.'  I bus  , 
wlu  1 e all  ol  the  syntlii  tie  I tie  1 a ’ tern.it  ives  require  larger  energv 
expend i tures  than  tod.iv ’ . crude-oil  upplv  proc*  .s,  tin  Liquid  hvdrogon 
supply  process  appears  to  be  dominant lv  more  energy-intensive  than 
the  processes  by  which  the  other  two  coal-derived  t ue I s are  obtained. 
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Costs  of  Fuel  Production 

It  is  difficult  to  estimate  in  an  absolute  sense  the  costs  of  syn- 
thetic jet  fuels  produced  from  coal  in  the  absence  of  any  operating 
commercial  facilities  in  the  United  States.  However,  by  making  consis- 
tent assumptions  about  coal  costs,  electricity  costs,  financing  rules, 
distribution  systems,  consumption  points,  etc.,  insights  can  be  gained 
into  the  relative  costs  of  producing  the  three  fuel  alternatives.  Such 
an  approach  is  taken  below  in  comparing  the  costs  of  producing  the  three 
fuel  alternatives.  The  sensitivities  of  these  fuel  costs  to  alternative 
assumptions  in  the  key  parameters  are  then  systematically  explored. 

Basic  estimates  of  the  delivered  costs  of  the  three  fuel  alterna- 
tives were  developed  for  the  fuel  supply  paths  shown  in  Fig.  24,  using 
technologies  commensurate  with  those  illustrated  in  Fig.  25.  Underground- 
mined  West  Virginia  bituminous  coal  constituted  the  energy  source  for 
East  Coast  air  bases,  while  surface-mined  western  subbituminous  coal 
drawn  from  the  Four  Corners  region  of  New  Mexico,  the  Wyoming  Powder 
River  Basin,  and  Alaska  was  assumed  to  be  used  for  the  other  bases. 

The  minemouth  cost  of  the  eastern  coal  was  assumed  to  be  $20  per  ton 
and  the  western  coal  $5  per  ton,  the  large  cost  difference  primarily 

being  due  to  the  greater  productivity  possible  in  surface  mining  in 

( 6)  ^ ) 

comparison  to  undergound  mining.  “ Of  course,  in  making  relative 
comparisons  between  the  costs  of  the  three  fuels,  consistency  in  as- 
sumed coal  costs  across  the  alternatives  is  more  important  than  pre- 
cise cost  estimates.  However,  as  of  June  1974,  utilities  in  the 
eastern  United  States  were  paying  from  about  $17  to  $21  per  ton  for 
coal  from  eastern  underground  mines,  whereas  utilities  in  the  west  were 
paying  from  $4  to  $9  per  ton  for  coal  from  western  surface  mines;  hence, 
these  assumed  costs  are  within  the  range  of  costs  characteristic  of 
the  1974  time  period.  Since  then,  coal  costs  have  risen  in  some 

markets,  with  some  short-term  contracts  for  underground-mined  coal 
exceeding  $40  per  ton.  As  a consequence,  the  sensitivity  analysis 
will  include  the  impact  of  higher  coal  costs  on  delivered  fuel  costs. 

Costs  associated  witii  the  energy  conversion  labilities,  adapted  from 
source  data,  are  noted  in  Table  b.  These  costs  are  also  treated  in 
a parametric  fashion  in  the  sensitivity  analysis.  The  information  in 
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Table  6 was  integrated  with  distribution  and  storage  cost  informa- 
tion^^’^  to  develop  the  cost  estimates  for  the  three  fuels  shown 

in  Fig.  24. 

The  fuel  costs  shown  in  Fig.  26  represent  the  average  cost  in  dol- 
lars per  1 million  Btu  of  fuel  energy  to  deliver  each  of  the  three  fuel 
alternatives  to  the  consumption  points  shown  in  Fig.  24.  This  measure 
of  cost  is  used  rather  than  the  more  traditional  cost  per  gallon,  be- 
cause the  vastly  different  volumetric  heat  contents  of  the  three  fuels 
make  a cost  per  gallon  comparison  meaningless.  However,  as  a bench- 
mark, as  of  June  1976,  the  Air  Force  was  paying  the  Defense  Fuel  Supply 
Center  (DFSC)  42  cents  per  gallon  for  JP-4,  which  is  equivalent  to 
about  $3.45  per  million  Btu. The  fuei  costs  reflect  the  mix  of 
eastern  and  western  coal,  the  mix  costing  54  cents  per  million  Btu, 
or  $9.64  per  ton. 

Because  the  energy  conversion  facilities  contribute  significantly 
to  the  cost  of  the  three  fuels,  the  major  cost  categories  have  been 
identified  according  to  the  fixed  (capital  charges),  operating  (recur- 
ring labor  costs,  property  taxes,  raw  materials,  etc.),  and  energy 
costs  for  these  facilities.  As  would  be  expected  from  an  examination 
of  Table  6,  all  of  the  energy  conversion  facilities  are  quite  capital- 
intensive.  These  capital  charges  are  a strong  function  of  the  method 
by  which  the  plants  are  financed,  which  is  explored  in  the  sensitivity 
analysis.  The  energy  flow  analysis  showed  large  electrical  energy  re- 
quirements for  hydrogen  liquefaction.  This  energy  expenditure  consti- 
tutes a major  cost  component  of  liquid  hydrogen  production,  even  for 
a comparatively  modest  electricity  cost  of  15  mills  per  kWh  assumed 
in  the  computations.  If  credits  are  applied  for  the  energy  by-products 
particularly  for  the  large  gasoline  by-product,  costs  of  $8.20,  $3.5h, 
and  $2.91  per  million  Btu  are  obtained  for  the  liquid  hydrogen,  liquid 

k 

inethane,  and  synthetic  JP,  respectively.  Thus,  liquid  hydrogen 

k 

Knergy  by-products,  including  the  gasoline  output  ot  the  syncrude 
refinery,  were  valued  in  proportion  to  their  share  of  the  energy  output 
ot  each  facility.  Such  an  assumption  might  tend  to  slightly  overstate 
the  cost  ot  the  synthetic  JP,  since  in  the  past,  light  ret ined  products 
from  crude-oil  refineries,  including  gasoline,  have  commanded  a higher 
price  in  the  marketplace  than  t tie  kerosene  used  tor  jet  fuel  production 
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production  appears  to  be  considerably  more  costly  than  production  ol 
the  other  two  alternatives. 

The  costs  noted  above  were  developed  assuming  a 10  percent  dis- 

k 

counted  cash  flow  return  on  investment  after  raxes.  It  lias  been  sug- 
gested that  to  attract  private  industry  to  enter  synthetic  fuel  produi 
tion  as  well  as  to  generate  the  equity  required  for  the  rapid  build-up 
of  a synthetic  fuels  industry  might  require  investment  returns  ol  15 
percent  or  more. ^ 1 Under  such  conditions,  fuel  costs  could  easily 

reach  the  levels  shown  in  the  box  in  Fig.  26. 

An  important  distinction  should  be  made  between  the  "cost"  ol  a 
fuel  and  its  "price."  The  costs  shown  on  the  bars  in  Fig.  2t>  repre- 
sent the  operator's  cost  plus  a 10  percent  return  on  investment;  they 
do  not  necessarily  reflect  Llie  price  that  the  fuel  would  sell  for  on 
the  open  market.  The  coal  syncrude  cost  associated  with  the  synthetic 
JP  production  in  the  example  is  $11.13  per  barrel.  The  cost  of  the  re 
fined  synthetic  JP  is  about  17  cents  per  gallon  and  the  gasoline  is 
about  33  cents  per  gallon  (excluding  state  and  federal  taxes).  These 
costs  are  roughly  commensurate  with  current  market  prices  for  refined 
petroleum  products.  Thus,  it  seems  apparent  that  synthetic  fuels  only 
begin  to  become  competitive  in  the  environment  of  the  petroleum  prices 
prevailing  today.  Of  course,  world  oil  prices  reflect  far  more  than 
cost  plus  ,i  10  percent  return  on  investment.  Since  large  quantitites 
of  Middle  Fast  oil  could  be  pumped  to  the  surface  and  transported  to 
the  United  States  for  about  $1.50  a barrel  plus  profit,  jet  fuel  could 
potentially  be  produced  irom  imported  crude  oil  at  costs  on  the  order 
ol  one-quarter  to  one-halt  those  associated  with  the  production  ol  a 
coal-derived  jet  tuel.*‘  ’ 1 Hence,  private  industry  is  presently  un- 
willing to  assume  the  risks  ol  initiating  a synthetic  1 ue 1 s industry, 
given  the  uncertainties  in  future  world  crude-oil  prices. 

1 he  costs  developed  in  Fig.  26  are  subject  to  considerable  uncer- 
tainty, depending  on  trends  in  eoal  costs,  electricity  costs,  tin- 
method  by  which  the  energy  conversion  facilities  .ire  linancei,  pus*,  ibl 
growth  in  investment  and  operat  i ng  costs,  and  the  manner  in  whit n the 

k 

Sixteen  year  depreciation  schedule.  Id  war  projet  t lilt  . 


energy  is  delivered,  among  other  factors.  The  sensitivity  of  the  cost 
of  the  three  fuel  alternatives  to  these  parameters  is  systematically 
explored  in  Fig.  27.  it  should  be  emphasized  that  while  the  costs  de- 
veloped in  Fig.  2b  were  those  associated  with  supplying  a set  of  air 
bases,  the  parametric  analysis  uses  a single  air  base  for  example  pur- 
poses. The  nominal  baseline  from  which  the  excursions  in  cost  were 
examined  is  shown  in  Fig.  27. 

Figure  27  illustrates  that  coal  cost  is  one  of  the  major  deter- 
minants of  the  cost  of  the  three  fuel  candidates.  It  is  also  important 
to  note  that  the  liquid  hydrogen  supply  process  is  more  sensitive  to 
coal  costs  than  are  the  other  two  alternatives.  This  is  a consequence 
of  the  fact  that  any  increases  in  upstream  costs  (e.g.,  coal  costs) 
more  adversely  affect  the  downstream  costs  (e.g.,  fuel  costs)  of  those 
processes  that  are  less  efficient,  and,  lienee,  recover  less  ol  the  more 
costly  coal  resource  energy  in  the  final  fuel  product. 

The  hydrogen  production  process  is  also  more  sensitive  to  unfa- 
vorable changes  in  the  other  parameters  as  well.  This  is  clearly  the 
case  in  Figs.  27(b)  and  (c) . It  is  interesting  to  note  that  even  with 
a doubling  of  the  capital  investment  and  operating  costs  (excluding 
energy)  of  the  liquid  methane  and  synthetic  JP  alternatives,  the  liquid 
hydrogen  product  is  still  considerably  more  costly.  Liquid  hydrogen 
costs  are  also  very  vulnerable  to  increases  in  electric  it y costs  be- 
cause of  the  large  electric  power  requirements  lor  liquet  action  illus- 
trated in  Fig.  27(d). 

By  examining  the  slopes  of  the  curves  in  Figs.  27(e)  and  (f),  it 
is  clear  that  it  is  more  economical  to  locate  coal  liquefaction  or 
gasification  plants  near  the  minemouth  so  that  produce  gases  or  liquids 
can  be  transported  by  more  economic  pipeline  methods.  However,  the 
lack  of  water  for  coal  conversion  facilities  in  the  arid  western  states, 
to  be  discussed  subsequently,  may  require  Chat  the  coal  be  transported 
by  rail  to  areas  where  water  is  more  abundant.  ibis  would  tend  to 
increase  the  delivered  costs  of  each  of  the  three  fuel  alternatives. 

In  addition  to  (lie  more  obvious  effects  ol  resource  costs,  i.tpi- 
tal  costs,  financing,  etc.,  on  synthetii  fuel  costs,  the  dram.it  ic 


differences  in  aviation  fuel  demands  by  the  military  during  peacetime 
and  wartime  operations  could  have  a pronounced  effect  on  fuel  costs. 

The  costs  shown  in  Fig.  2b  are  associated  with  a fuel  system  operating 
at  full  capacity,  assuming  all  the  fuel  produced  could  find  a market 
with  the  Air  Force  and  other  users.  however,  if  a fuel  supply  system, 
sized  to  meet  a contingency  or  wartime  requirement,  is  underutilized 
during  peacetime,  Air  Force  synthetic  iuel  costs  could  rise.  The  re- 
sults shown  in  Fig.  28  apply  if  there  are  no  alternative  markets  for 
the  excess  liquid  hydrogen,  liquid  methane,  or  refined  syncrude  product 
during  peacetime.  if  such  a situation  prevailed,  the  liquefaction  or 
retinery  facility  owner  would  iiave  to  cover  his  substantial  1 ixed  costs 
by  charging  a higher  price  lor  the  lesser  amount  ol  liquid  hydrogen, 
liquid  methane,  or  synthetic  JP  being  produced.  We  will  consider  a 
single  air  base  example  to  illustrate  this  effect. 
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Fig.  28 — The  effect  on  fuel  costs  of  reduced  aircraft  use  during  peacetime 


In  Fig.  28,  aircraft  utilization  rate  is  used  as  a measure  of  the 
use  of  a fuel  supply  system.  The  fuel  supply  system  was  sized  to  sup- 
port transport  aircraft  that  might  fly  10  hours  per  day  during  a con- 
tingency situation.  However,  during  peacetime  such  aircraft  might  fly 
only  about  1.5  to  2.0  hours  per  day,  about  the  same  number  of  hours  as 
the  Air  Force's  C-5A  heavy  airlifter  today.  The  cost  of  the  liquid 
hydrogen  could  rise  dramatically  at  such  a low  utilization  rate.  The 
cost  increase  associated  with  the  other  two  fuel  alternatives  is  not 
nearly  as  severe  because  of  the  lower  capital  intensiveness  of  the 
methane  liquefaction  plant  and  the  coal  syncrude  refinery.  Further- 
more, for  the  synthetic  JP  alternative,  it  seems  far  more  likely  that 
the  refined  syncrude  products  would  be  assimilated  during  peacetime 

k 

into  existing  petroleum  markets  by  the  turn  of  the  century. 

Of  course,  the  notion  of  complete  reliance  by  the  Air  Force  on 
just  synthetic  fuels  is  somewhat  idealistic;  and  thus  the  potential 
supply  of  synthetic  fuels  and  petroleum  fuels  in  the  future  needs  to 
be  assessed  in  the  context  of  competition  for  these  fuels,  and  the  ex- 
tent to  which  competitors  could  use  alternative  fuels  if  Air  Force  re- 
quirements were  to  increase  in  a contingency.  To  cite  an  example, 
the  commercial  airlines  might  also  be  users  of  synthetic  jet  fuels. 
However,  they  might  not  qualify  as  interruptible  users,  since  17  per- 
cent of  all  long-range  and  100  percent  of  all  cargo  or  cargo-convertible 
aircraft  might  be  used  as  part  of  the  U.S.  Civil  Reserve  Air  Fleet 
during  a major  contingency  situation. 

We  can  summarize  the  analysis  ot  fuel  production  costs  by  noting 
that  liquid  hydrogen  appears  to  be  considerably  more  expensive  than 
the  other  two  fuel  alternatives.  01  course,  to  make  a complete  assess- 
ment of  the  relative  cost  of  the  three  fuel  alternatives,  we  must 


•k 

Another  alternative  would  be  to  size  the  tuel  system  to  more 
closely  match  peacetime  fuel  requirements  and  provide  lor  the  wartime 
requirement  by  maintaining  large  quantities  ot  the  fuels  in  storage . 
However,  this  would  not  completely  ameliorate  the  problem  ol  liquid 
hydrogen  cost,  particularly  when  the  sophisticated  and  expensive  stor- 
age of  liquid  hydrogen  is  compared  to  the  cheaper  storage  available 
for  liquid  methane,  and  the  comparatively  unsophisticated  storage  needed 
for  refined  syncrude  products  (Refs.  5b,  58). 
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consider  the  use  of  the  fuels  in  aircraft.  A related  Rand  mission  analy- 
sis of  large  transport-class  airplanes  (e.g.,  gross  weights  of  1 to  2 
million  pounds)  fueled  by  synthetic  JP , liquid  hydrogen,  liquid  methane, 
or  nuclear  propulsion  has  indicated  that  for  a broad  class  of  present 
and  future  mission  applications,  a synthetic-JP-f ueled  aircraft  is  sig- 
nificantly more  cost  effective  than  the  other  alternatives,  for  fuel 
costs  in  the  range  of  those  cited  in  Fig.  26.  Nuclear  propulsion  be- 
gins to  look  attractive  only  for  station-keeping  missions  that  require 
large  station  radii  (greater  than  400  n mi)  and  extremely  long  loiter 

times  on  station  (e.g.,  hundreds  of  hours).  At  present,  no  missions 

( 8 ) 

requiring  such  a capability  are  apparent.  ' Only  major  reductions 
in  the  costs  of  liquefying  gaseous  hydrogen  would  improve  the  relative 
attractiveness  of  liquid  hydrogen. 

Resource  Availability 

In  addition  to  the  cost  and  energy  considerations  associated  with 
fuel  production,  resource  issues  must  also  be  considered,  such  as  the 
rate  of  coal  production  required  to  support  a synthetic  fuels  industry 
and  the  long-term  availability  of  coal  under  such  rates  ot  production. 
There  is  also  the  question  of  whether  currently  available  water  re- 
sources in  the  western  United  States  would  be  adequate  for  the  coal 
conversion  facilities  that  might  be  located  adjacent  to  large  surface- 
mineable  coal  deposits. 

The  rate  at  which  U.S.  coal  production  might  expand  will  depend 
to  a substantial  degree  on  the  success  or  failure  of  competing  energy 
technologies  to  lessen  the  nation's  dependence  on  crude-oil  imports. 

ERDA  has  developed  six  scenarios,  indicated  in  Fig.  29,  which  cover 
a spectrum  of  possible  paths  of  evolution  for  the  U.S.  energy  system, 
each  ot  which  would  require  significant  growth  in  U.S.  coal  produc- 
tion. ERDA 's  results  indicate  that  torn*  ti<  < il  pi 

have  to  expand  at  an  average  annual  rate  of  more  than  5 percent  to 
accommodate  the  evolving  coal  needs  of  a synthetic  fuels  industry 
and  demands  by  other  users  for  coal.  Other  investigations  suggest 
growth  rates  as  high  as  7 percent  per  year.^^  A 7 percent  growth 
rate  corresponds  to  a doubling  of  production  capacity  every  10  years. 
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Fig.  29 — Coal  use  in  ERDA  energy  scenarios 
(from  Ref.  17) 


It  has  been  suggested  that  this  would  require  opening  two  new  major 
coal  mines  each  month  for  10  years.  This  high  growth  rate  can  be 

contrasted  with  what  happened  during  the  1960s,  when  only  13  new  ma- 

, . , (68) 

jor  coaL  mines  were  opened. 

This  growth  in  coal  production  can  be  measured  against  estimates 
of  currently  economically  recoverable  domestic  coal  reserves  to  gain 
insights  into  coal's  availability  for  the  future.  Shown  in  Fig.  SO 
is  cumulative  coal  production  by  year  for  seveiul  annual  growth  rates, 
with  the  5 to  7 percent  growth  rates  highlighted.  The  National  Petro- 
leum Council  (NPC)  estimate  shown  includes  only  measured  and  indicated 

(62) 

reserves  above  the  depth  ol  1000  feet  in  thick  seams.  The  United 

States  Bureau  of  Mines  (USBM)  further  includes  coal  seams  of  inter- 
mediate thickness . ^ ^ Complete  information  on  the  ERDA  estimate  is 
not  available;  however,  it  clearly  includes  some  coal  from  the  in- 
ferred reserves  category  as  well  as  some  coal  from  the  unmapped  and 

, , (17) 

unexplored  category. 
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Fig.  30  — Coal  resource  depletion  trends 
(from  Refs.  17,  62,  67,  and  69) 

In  interpreting  Fig.  30,  an  analogy  may  be  made  to  the  current 
problems  being  experienced  witli  domestic  petroleum  production.  I'ri 
and  availability  problems  really  began  shortly  alter  domes  tit  pi 
tion  peaked,  forcing  users  to  search  for  alternative  souit  > 
in  this  case  imported  petroleum.  In  the  case  of  coal,  note  ti  , 
half  of  the  currently  economically  recoverable  reserve ■ . 

pleted  during  the  first  or  second  quarter  of  the  next 
high  growth  rates  suggested  were  to  be  sustained.  1 
the  resource  base  is  adequate  to  supply  an  inert- i ■ i 

energy  needs  into  the  next  century  even  .it  the  . : 
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mapping  and  exploration  should  further  expand  the  definition  of  the 
economically  recoverable  coal  resource  base.  Of  course,  environmental 
and  other  factors  will  exert  a restraining  influence  on  coal  growth, 
some  of  which  will  be  discussed  subsequently  in  this  section. 

The  specific  coal  requirements  for  producing  the  three  fuel  alter- 
natives have  already  been  shown  in  Fig.  25  on  an  energy  basis.  If  the 
Air  Force  had  derived  all  of  its  jet  fuel  for  FY  1975  from  coal,  the 
coal  requirements  for  the  liquid  methane  option  would  have  been  equiv- 
alent to  about  9 to  12  percent  of  U.S.  coal  production,  liquid  hydro- 
gen from  11  to  15  percent,  and  synthetic  JP  from  15  to  21  percent,  de- 
pending on  whether  bituminous  or  subbituminous  coal  were  the  energy 

; k 

source.  Recalling  the  energy  flow  analysis,  the  synthetic  JP  option 
requires  the  most  coal  because  of  the  large  gasoline  by-product.  If 
the  electricity  for  hydrogen  liquefaction  were  generated  using  coal, 
the  liquid  hydrogen  option  would  require  about  the  same  amount  of  coal 
as  the  synthetic  JP  option  yet  would  deliver  about  half  as  much  energy. 
While  these  annual  coal  requirements  for  synthetic  jet  fuel  production 
seem  large  compared  to  current  production  levels,  none  of  the  alterna- 
tives would  deplete  even  0.1  percent  of  the  currently  economically 
recoverable  reserves  in  any  given  year. 

In  addition  to  consideration  of  coal  production  capacity,  the 
ability  and  likelihood  of  a coal  synthetic  fuels  industry  meeting 
the  jet  fuel  needs  of  the  military  and  other  users  by  the  year  2000 
must  also  be  assessed.  Shown  on  the  left  of  Fig.  31  are  two  estimates 
of  what  the  potential  synthetic  jet  fuel  production  capacity  might  be 
by  the  year  2000,  with  the  uncertainty  in  the  ultimate  yield  of  jet 
fuel  highlighted . ^ ^ To  put  these  two  estimates  of  capacity  into 


Assuming  that  subbituminous  coal  has  a heat  value  of  7800  Btu 
per  pound,  bituminous  coal  10,820  Btu  per  pound , and  domestic  coal 
production  of  600  million  tons  per  year. 

The  NPC  estimate  shown  in  Fig.  31  is  an  extrapolation  of  their 
1985  estimate.  In  both  cases,  resulting  synthetic  jet  fuel  outputs 
were  calculated  using  coal  inputs  estimated  by  NPC  and  ERDA,  and  the 
synthetic  JP  fuel  supply  process  energy  expenditures  shown  in  Fig. 

25.  Information  in  Fig.  31  is  derived  from  Refs.  21,  62,  and  personal 
communication  from  William  Vance,  Defense  Energy  Information  Service, 
October  1975. 
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Fig.  31  — Projections  of  coal -based  jet  fuel  production  capacity  in  2000 

perspective,  the  Synfuels  Interagency  Task  Force  recently  recommended 
a synthetic  fuels  commercialization  program  to  the  President's  Energy 
Resources  Council  that  would  result  in  only  50,000  barrels  per  day  of 
coal  syncrude  liquids  by  1985,  20,000  barrels  per  day  of  which  might 
optimistically  be  refined  to  jet  fuel.^^  Clearly,  to  reach  the  pro- 
duction levels  projected  by  ERDA  and  NPC  would  require  a major  build-up 
between  1985  and  2000.  This  conclusion  is  essentially  unchanged  when 
projections  of  high-Btu  coal  gasification  capacity  are  considered,  the 
closest  analogy  that  can  be  made  to  the  gasification  facilities  re- 
quired for  the  liquid  methane  or  liquid  hydrogen  supply  processes. 

These  estimates  of  capacity  can  be  compared  with  overall  DoD  and 
Air  Force  peacetime  jet  fuel  demands,  the  Air  Force  accounting  for 

•k 

over  three-quarters  of  that  demand.  If  the  more  conservative  NPC  pro- 
jection is  used,  we  note  that  while  military  peacetime  needs  might 

★ 

Personal  communication  from  William  Vance,  Defense  Energy  Infor- 
mation Service,  October  1975. 
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potentially  be  satisfied,  they  would  constitute  a large  fraction  of  the 
overall  market.  If  Air  Force  jet  fuel  needs  were  to  double  during  a 
wartime  situation — characteristic  of  past  Air  Force  experience  in  South- 
east Asia — capacity  would  be  taxed  even  more.  These  Air  Force  demands 
for  jet  fuel  should  also  be  considered  in  the  context  of  overall  U.S. 
jet  fuel  demands.  During  1975  U.S.  commercial  air  carriers  consumed 

it 

nearly  twice  that  consumed  by  the  military.  Thus  it  seems  highly  un- 
likely that  a coal-based  synthetic  fuels  industry  alone  could  satisfy 
all  of  the  demands  for  jet  fuel  in  the  year  2000.  More  probably,  those 
demands  would  have  to  be  met  by  a combination  of  energy  resources,  in- 
cluding crude  oil,  coal,  and  oil  shale. 

Growth  of  a synthetic  fuels  industry  to  the  rate  of  production  of 
1 to  2 million  barrels  per  day  indicated  in  Fig.  31  may  be  hindered 
by  a lack  of  water  in  the  arid  western  states,  which  contain  a signifi- 
cant fraction  of  the  nation's  surface-mineable  coal  deposits . 

Recall  that  water  is  a major  source  of  hydrogen  in  coal  gasification 
and  liquefaction  processes.  The  water  availability  problem  is  graphi- 
cally illustrated  in  Fig.  32,  which  shows  the  water  requirements  for 
the  synthetic  fuel  facilities  postulated  to  be  located  near  abundant 
coal  reserves  in  New  Mexico  and  Wyoming  to  serve  the  western  air  bases 
shown  in  Fig.  24.  Also  shown  are  the  water  requirements  for  the  NPC's 
postulated  New  Mexico  and  Wyoming  coal  conversion  facilities.  A coal 

liquefaction  plant  could  consume  over  six  barrels  of  water  for  every 
r (31) 

barrel  of  syncrude  output.  However,  the  liquefaction  plant  is  not 

inherently  any  more  water  intensive  than  the  gasification  facilities; 
the  greater  water  requirement  reflects  the  larger  amount  of  energy 
that  is  delivered  because  of  the  gasoline  by-product.  The  results  shown 

* 

Personal  communication  from  Evans  Whiley,  Civil  Aeronautics 
Board,  November  1975. 

f 

The  annual  coal  inputs  for  these  energy  conversion  facilities 
sized  to  support  a fleet  of  large  airplanes(^)  flying  a wartime  rate 
of  10  hours  per  day  would  be  67  million  tons  for  coal  gasification  to 
hydrogen,  61  million  tons  for  coal  gasification  to  methane,  and  104 
million  tons  for  coal  liquefaction  to  syncrude.  Refer  to  Ref.  62  for 
NPC's  postulated  coal  requirements. 
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Fig.  32  — Water  requirements  for  coaf  conversion  facilities  in  New  Mexico 
and  Wyoming  (from  Refs.  31,  60,  62,  70,  and  71) 

in  Fig.  32  indicate  that  additional  costs  may  be  incurred  to  develop 
new  water  supplies  for  the  facilities,  or  additional  distribution  costs 
may  be  incurred  to  ship  the  coal  to  areas  with  more  abundant  water 
supplies . 

Environmental  issues 

The  development  of  a synthetic  fuels  industry  will  create  new 
sources  of  land,  water,  and  air  pollution.  In  the  present  analysis, 
a mix  of  eastern  and  western  coal  was  used  for  the  fuel  supply  sys- 
tems to  minimize  distribution  distances.  Figure  33  shows  the  average 
land  impact  of  the  surface  mining  in  Wyoming,  New  Mexico,  and  Alaska 
required  to  support  the  fuel  supply  systems  of  the  three  alternative 
jet  fuels  considered . ^ The  land  area  that  must  be  turned  over  in 
surface  mining  depends  on  the  coal  requirements  of  the  fuel  supply 
process,  the  coal  recovery  rate,  the  heating  value  of  the  coal,  t lie 
coal  density,  and  particularly,  the  thickness  of  the  coal  seam.  For 
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aAnnual  surface  coal  production  is  analogous  to  that  associated  with  Fig.  32  with  the 
addition  of  assumed  surface  coal  production  in  Alaska,  which  results  in  annual 
coal  production  of  83,  76,  and  132  million  tons  for  hydrogen,  methane,  and  syncrude 
facilities,  respectively. 

b . . 

Annual  underground  coal  production  assumed  to  be  36,  35,  and  61  million  tons 

for  hydrogen,  methane,  and  syncrude  facilities,  respectively. 


Fig.  33  — Impact  on  the  land  of  coal  extraction  for  synthetic  fuels 

(from  Ref.  72) 


example,  the  average  coal  seam  thickness  in  the  Wyoming  Powder  River 
Basin  is  triple  that  of  coal  found  in  the  Four  Corners  area  of  New 
Mexico  (39  feet,  as  compared  to  12  feet).  Hence,  more  land  must 

be  turned  over  in  New  Mexico  than  in  Wyoming  to  obtain  an  equivalent 
amount  of  coal. 
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Figure  33  indicates  a greater  land  impact  for  the  synthetic  JP  al- 
ternative only  because  of  the  larger  amount  of  energy  being  delivered. 
The  land  impact  of  the  mining  required  to  support  the  supply  of  liquid 
hydrogen  reflects  only  the  mining  of  coal  needed  to  provide  the  resource 
energy  for  the  process.  If  it  is  assumed  that  the  process  electricity 
for  hydrogen  liquefaction  is  also  derived  from  coal,  the  land  impact 
would  be  far  greater  than  that  shown  in  Fig.  33.  The  Rhode  Island  land 
area  is  used  as  a point  of  reference  because  some  have  suggested  that 
in  the  United  States  an  area  somewhat  greater  than  the  land  area  of 
that  state  has  already  been  stripped  and  not  been  reclaimed. 

The  ability  to  reclaim  land  overlying  surface-mineable  coal  de- 
posits is  the  subject  of  considerable  controversy.  If  the  mined  land 
could  be  reclaimed  in  five  years,  the  average  land  impact  could  be 
significantly  reduced,  as  is  shown  in  Fig.  33.  Some  suggest,  however, 
that  complete  reclamation  may  be  impossible.  In  that  situation,  in  an 
absolute  sense,  the  total  amount  of  land  turned  over  and  unreclaimed 
would  be  twice  that  shown  in  Fig.  33. 

The  strip  mining  impacts  shown  in  Fig.  33  are  those  that  would 
occur  in  supplying  part  of  the  energy  requirements  for  a fleet  of  very 

large  airplanes.  ' If  all  of  the  Air  Force's  current  jet  fuel  energy 

needs  were  to  be  supplied  by  western  surface-mineable  coal  deposits, 
the  amount  of  land  turned  over  annually  in  the  synthetic  JP  supply 
process  could  range  from  1900  to  7000  acres,  depending  on  whether  Pow- 
der River  Basin  coal  or  Navajo  coal  from  the  Four  Corners  area  were  to 
be  used.  ilence,  any  major  commitment  by  the  Air  Force  to  use  jet  fuels 
derived  from  surface-mineable  western  coal  deposits  could  have  a siz- 
able land  impact. 

There  is  quite  a different  impact  associated  with  underground 
mining — that  of  subsidence  of  the  undermined  area.  The  lower  bars  on 
Fig.  33  represent  tiie  land  impact  of  room  and  pillar  mining  used  to 
support  the  synthetic  fuel  supply  systems  for  the  East  Coast  air  bases 

inown  in  Fig.  24.  In  room  and  pillar  mining,  the  most  prevalent  type 

of  underground  coal  mining  practiced  in  the  United  States  today,  pil- 
lars of  coal  are  left  standing  in  the  mine  to  reduce  the  amount  ot 
subsidence.  Increased  adoption  of  the  longwall  mining  technique,  in 
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which  almost  all  the  coal  is  removed,  would  enhance  recovery  but  in- 
crease subsidence,  as  shown  in  Fig,  33. 

In  addition  to  the  land  impact  of  the  coal  mining  required  to  sup- 
port a synthetic  fuels  industry,  the  environmental  pollutants  from  the 
coal  conversion  facilities  must  also  be  assessed.  Table  7 compares 
the  environmental  pollutants  from  a conventional  coal-fired  steam 
power  plant,  a coal  gasification  plant,  and  a coal  liquefaction  facil- 
ity, all  sized  to  process  an  equivalent  amount  of  coal.^^  These  re- 
sults must  be  interpreted  with  caution,  since  i commercial-size  gasi- 
fication or  liquefaction  facility  has  yet  been  lit  in  this  country. 
Indeed,  one  of  the  major  objectives  of  the  "information"  program  rec- 
ommended by  the  Synfuels  Interagency  Task  Force  is  to  gain  environmental 
impact  data  on  synthetic  fuel  facility  operat ions . ^6)  The  estimates 
of  coal  conversion  facility  pollutants  indicate  that  the  new  facilities 
may  represent  no  greater  threat  to  the  environment  than  a conventional 
electric  power  plant,  and  perhaps  less.  In  the  case  of  air  pollutants, 
the  new  facilities  would  remove  most  of  the  sulfur  contained  in  the 
coal  from  a concentrated  stream  of  hydrogen  sulfide  gas,  rather  than 
"scrubbing"  sulfur  dioxide  out  of  the  exhaust  products  of  coal  combus- 
tion. The  "sludge"  that  results  from  this  scrubbing  process  is  one  of 
the  reasons  the  power  plant  has  greater  solid  waste  products.  In  ad- 
dition, the  coal  conversion  facilities  recover  some  of  the  potential 
nitrogen  air  pollutants  in  the  form  of  aqueous  ammonia,  rather  than 
releasing  them  to  the  atmosphere  as  oxides  of  nitrogen.  It  is  likely 
that  much  of  this  pollution  control  technology  will  be  incorporated 
in  future  coal-fired  power  plants  as  well. 

Finally,  it  should  be  noted  that,  while  in  comparison  with  a 
coal-fired  power  plant,  the  pollutant  discharges  from  coal  conversion 
facilities  may  not  represent  any  increased  threat  to  the  environment, 
these  plants  may  be  built  in  areas  of  the  west  that  now  have  a com- 
paratively pristine  environment,  in  which  case  they  may  represent  a 
substantial  threat  to  the  environment  in  a relative  sense. 
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Table  7 

POLLUTANT  DISCHARGE  COMPARISON 


Pollutants  Discharged  (tons/day) 

Form  of 

1000  MWe  Coal-Fired 

lli-Btu  Coal 

Coal  Liquefaction 

Pollutant 

Steam  Power  Plant 

Gasification  Plant 

Plant 

Water 

4 

0-10 

0-14 

Air 

137 

20-26 

16-28 

Solid 

3230 

826-1170 

722-1110 

SOURCE: 

Ref.  72. 

aAssuming  facilities  operating  at  full  capacity,  with  equivalent 
coal  inputs. 


UNCERTAINTIES  IN  THE  EVALUATION 

The  assessment  of  fuel  alternatives  in  this  section  has  indicated 
that  the  production  of  synthetic  JP  requires  less  energy  and  is  less 
costly  than  the  other  two  alternatives.  A related  analysis  of  the  use 
of  the  fuel  alternatives  in  large  subsonic  military  airplanes  perform- 
ing strategic  airlift  or  station-keeping  missions  has  indicated  that 
for  a broad  class  of  missions,  the  synthetic  JP  alternatives  would  be 
more  cost  effective  and  energy  effective  than  aircraft  using  the  other 
fuel  alternatives.  Notwithstanding  this  fact,  highlighted  below  are 
some  of  the  uncertainties  involved  in  the  evaluation  of  the  fuel  pro- 
duction processes. 

First,  let  us  consider  the  initial  coal  conversion  processes — 
coal  gasification  or  liquefaction.  It  was  postulated  that  all  of  the 
initial  coal  conversion  processes  used  Lurgi  technology,  with  the  hy- 
drogen process  adding  a water  gas  shift  to  enrich  the  gaseous  product 
with  hydrogen,  the  methane  process  adding  a methanation  step  to  enrich 
the  gaseous  product  with  methane,  and  the  syncrude  process  using  a 
high  pressure  H-Coal  hydrogenation  reactor  to  liquefy  the  coal  using 
a hydrogen-rich  gas  produced  in  Lurgi  gasifiers.  The  energy  expendi- 
tures required  for  the  Lurgi  gasification  process  are  relatively  well 
understood,  since  it  is  a commercialized  process,  albeit  not  in  the 
United  States.  However,  considerable  uncertainty  does  exist  in  the 
costs  of  Lurgi  gasification. 
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The  cost  estimate  for  the  high-Btu  coal  gasification  plant  being 

planned  by  the  El  Paso  Natural  Gas  Company  increased  by  a factor  of 

(73) 

five  between  1973  and  1975  (then  year  dollars).  Since  most  of 

the  coal  gasification  or  liquefaction  processes  are  sensitive  to  simi- 
lar factors,  such  as  costs  of  large  pressure  vessels,  costs  for  equip- 
ment to  handle  and  inject  coal  at  high  pressures,  etc.,  each  of  the 
processes  would  probably  experience  similar  escalations  in  costs  for 
many  items  of  equipment  in  the  facilities.  However,  although  it  has 
been  demonstrated  quite  successfully  in  small  pilot  plant  operatic's, 
the  H-Coal  gasification  reactor  is  still  probably  subject  to  greater 
uncertainties  in  energy  requirements  and  costs  than  either  water  gas 
shift  equipment  or  methanation  equipment. 

One  interesting  aspect  in  the  relative  comparisons  between  gaseous 
hydrogen  and  syncrude  production  processes  is  that  about  two-thirds 
of  the  plant  investment  for  coal  liquefaction  by  the  11-Coal  process 
is  devoted  to  hydrogen  production  facilities . Hence,  it  seems 

likely  that  any  major  technological  advances  that  help  reduce  the  costs 
or  energy  requirements  for  the  production  of  hydrogen  from  coal  will 
also  directly  benefit  coal  syncrude  production,  and  possibly  even  syn- 
crude refining,  if  supplemental  gaseous  hydrogen  is  required. 

Of  the  second-stage  energy  conversion  facilities,  large-scale 
methane  (or  natural  gas)  liquefaction  is  probably  the  best  understood. 
The  refining  of  crude  oil  is  also  a mature,  well-understood  technology. 
One  major  uncertainty  about  coal  syncrude  refining  centers  on  deter- 
mining the  optimum  tradeofl  between  reducing  the  aromatic  content  of 
coal  liquids  at  the  refinery,  or  designing  jet  engines  to  use  fuels 
of  higher  aromatic  content.  Hence,  the  basic  technology  elements  to 
refine  coal  liquids  exist  on  a commercial  scale,  witli  the  definition 
of  the  mix  of  technologies  to  be  used  and  the  degree  of  processing 
desirable  still  to  be  specified. 

Considerable  experience  has  also  been  accumulated  in  liquefying 
gaseous  hydrogen  for  the  space  program.  However,  production  lias  been 
on  a scale  that  is  only  a fraction  of  that  required  for  aviation  ap- 
plications. Hence,  while  costs  and  energy  expenditures  for  current 
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costs  and  energy  requirements  for  larger  facilities,  and  particularly 
the  prospects  for  achieving  the  improvements  in  liquefaction  efficiency 
already  noted  (including  evolving  improvements  in  electric  power  genera- 
tion) , are  subject  to  considerable  uncertainty. 

Little  uncertainty  exists  about  the  distribution  system  for  syn- 
thetic JP.  Today  both  crude-oil  products  and  refined  products  are 
routinely  distributed  via  pipelines;  much  the  same  is  true  of  liquid 
methane,  since  natural  gas  (high  in  methane)  is  widely  distributed  in 
the  United  States;  liquid  natural  gas  is  also  routinely  loaded  and  un- 
loaded from  tankers.  Of  course,  modifications  would  be  required  for 
high  volume  throughput  operations  at  airports. 

In  contrast  to  the  other  two  alternatives,  gaseous  hydrogen  is 

not  routinely  distributed  long  distances  via  high  pressure  pipelines. 

The  literature  suggests  that  no  existing  gaseous  hydrogen  pipelines 

(21) 

have  intermediate  compressor  stations,  hence,  the  economics  and 

energy  intensiveness  of  gaseous  hydrogen  pipelines  are  certainly  sub- 
ject to  greater  uncertainty  than  the  other  alternatives.  Similarly, 
while  a quarter-mile  liquid  hydrogen  pipeline  is  used  at  the  Kennedy 
Space  Center  for  fueling  space  launch  vehicles , high  volume  dis- 

tribution and  fueling  of  aircraft  with  liquid  hydrogen  are  subject  to 
considerable  uncertainty.  The  NASA  Langley  Research  Center  is  currently 
attempting  to  resolve  some  of  these  questions  about  ground  handling 
of  liquid  hydrogen  at  airports. 

Aside  from  uncertainties  in  the  costs  and  energy  requirements  for 
energy  conversion  and  distribution  facilities,  there  seems  little  ques- 
tion that  the  domestic  coal  resource  base  is  adequate  to  support  pro- 
duction of  any  of  the  alternatives.  However,  the  rate  at  which  syn- 
thetic fuels  will  be  introduced  in  the  United  States  will  depend  not 
only  on  the  development  of  the  technology  and  the  resource  base,  but 
also  on  a complex  set  of  interrelated  factors  including  national  energy 
policies,  world  oil  prices,  the  resolution  of  environmental  and  water 
availability  issues,  and  the  availability  of  investment  capital.  These 
considerable  uncertainties  exist  and  would  tend  to  have  an  impact  upon 
the  development  of  any  of  three  aviation  fuel  alternatives  being  eval- 
uated . 
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RESEARCl 1 AND  DEVE LO EM ENT  AREAS 

The  previous  subsections  have  indicated  that  synthetic  JI’  derived 
from  coal  would  be  less  expensive  to  produce  than  the  other  alternatives 
both  in  an  energy  and  in  a cost  sense  and  would  have  attractive  charac- 
teristics for  aviation  applications.  Synthetic  JP  also  has  the  advan- 
tage of  being  far  more  similar  to  jet  fuels  in  use  today  than  the 
cryogenic  alternatives,  which  should  ease  transitional  problems  for 
military  users  and  promote  its  assimilation  into  a domestic  fuels 
market  now  dominated  by  crude-oil-based  fuels.  What  R&D  areas,  then, 
would  have  to  be  pursued  if  the  Air  Force  is  to  prepare  itself  to  exer- 
cise this  fuel  option  in  the  future? 

Table  8 highlights  in  very  broad  terms  some  of  the  key  R&D  activi- 
ties that  would  be  required  to  develop  coal  as  a future  source  of  jet 
fuels,  with  an  indication  of  those  agencies  within  the  federal  govern- 
ment that  might  sponsor  the  R&D  either  solely  or  in  cooperation  with 
the  private  sector.  The  three  broad  R&D  areas  address  the  central 
question:  Do  technology  and  economics  dictate  that  major  emphasis  be 

placed  on  developing  coal  liquefaction  and  refining  technologies  to 
produce  jet  fuels  that  meet  or  approach  current  jet  fuel  specifications, 
or  that  jet  engines  be  designed  to  operate  efficiently  on  a wider  range 
of  possible  fuels? 

The  items  noted  under  liquefaction  technology  mainly  refer  to  the 
progressive  development  from  pilot-plant-size  coal  liquefaction  facili- 
ties to  demonstration-size  facilities  to  define  the  economics,  energy 
requirements,  and  environmental  impacts  of  the  candidate  coal  lique- 
faction technologies.  This  work  clearly  falls  within  ERDA's  R&D 
charter  and  responsibilities.  However,  an  inevitable  part  of  this 
program  would  be  an  evaluation  of  the  suitability  of  the  various  syn- 
thetic crude  oils  obtained  from  the  different  liquefaction  technologies 
for  alternative  applications,  including  feedstocks  for  jet  fuel  produc- 
tion. ouch  a program  would  t>e  required  to  ensure  that  the  proper  mix 
of  technologies  is  developed  to  help  meet  the  spectrum  of  civilian  and 
military  fuel  needs  in  the  future.  Large  quantities  of  coal  synthetic 
crude  oils  will  be  required  for  refinery  tests  and  subsequent  full- 
scale  engine  tests  for  NASA  and  the  DoD,  including  the  Air  Force,  to 
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Table  8 

R&D  FOR  THE  SYNTHETIC  JP  OPTION 


Technology 


Liquefaction  Technology 

Establish  sustained  process  feasibility 
Identify  most  suitable  refinery 
feedstocks 

Determine  feasibility  and  economics 
of  large-scale  operations 

Refining  Technology 

Improve  catalyst  technology 
Determine  optimum  combination  of 
catalysts  and  operating  conditions 
Establish  jet  fuel  yield  potential 
Determine  feasibility  of  large-scale 
refining  of  syncrude 

Engine  Technology 

Advance  engine  technology  to  allow 
relaxation  of  fuel  specifications 
Determine  modifications  for  existing 
engines  to  use  such  synthetic  fuels 


Potential  Sponsors 


ERDA 


X 

X 

X 


NASA 


X 

X 


X 

X 


DoD 


X 

X 


AF 


Private 
Sec  tor 


X I 


x I 
x 


X 

X 

X 


X 

X 


determine  the  most  suitable  feedstocks  for  jet  fuel  production.  Be- 
cause ERDA  has  responsibility  for  developing  and  demonstrating  coal 
liquefaction  technologies,  NASA  and  the  DoD  will  be  dependent  upon 
ERDA  to  assure  them  of  adequate  supplies  of  coal  syncrudes  for  R&D 
purposes . 

The  second  broad  technology  area  concerns  defining  the  process 
requirements  and  economics  of  refining  coal  syncrudes  into  jet  fuels. 
To  do  so  will  require  identifying  the  most  suitable  catalysts  and  op- 
erating conditions  for  economically  refining  coal  syncrudes.  This 
work  is  currently  being  accomplished  on  a laboratory  scale,  the  cur- 
rent activities  already  having  been  described.  However,  ultimately, 
the  feasibility  of  coal  syncrude  refining  will  have  to  be  demonstrated 
on  a larger  scale,  perhaps  under  ERDA  sponsorship  in  cooperation  witu 
the  major  oil  companies. 
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The  Last  category  involves  determining  the  financial,  physical, 
and  chemical  effects  of  coal-derived  jet  fuels  on  military  jet  engines 
and  fuel  systems,  if  the  commercial  economics  and  technological  dif- 
ficulty are  such  that  jet  fuels  refined  from  coal  syncrudes  will  nec- 
cessarily  be  higher  in  aromatic  content  than  the  jet  fuels  of  today, 
then  the  engine  designer  must  consider  whether  there  are  technological 
options  available  that  would  allow  military  engines  to  use  fuels  of 
higher  aromatic  content.  For  example,  changes  in  combustor  designs, 
fuel  pumps,  and  fuel  tank  seals  may  be  required  to  cope  with  fuels  of 
higher  aromatic  content.  To  address  these  Issues,  the  Air  Force  Aero- 
Propulsion  Laboratory  is  currently  using  crude-oil-based  jet  fuels 
mixed  with  additives  to  imitate  the  characteristics  of  coal-derived 
jet  fuels  as  well  as  using  limited  quantities  of  coal-derived  jet  fuels 
refined  in  laboratories.  However,  ultimately,  large  quantities  of 
coal-derived  jet  fuels  will  be  required  for  the  full-scale  tests  that 
will  determine  the  long-term  effects  of  these  fuels  on  military  jet 
engines . 

For  several  reasons,  it  does  not  seem  at  all  clear  that  the  Air 
Force  can  rely  on  NASA  or  on  the  other  military  services  to  accomplish 
the  R&D  necessary  to  develop  the  capability  to  use  jet  fuels  derived 
from  coal.  First,  the  Air  Force  has  been  designated  as  the  lead 
service  for  the  development  of  improved  aircraft  turbines  that  may 
have  to  operate  using  synthetic  jet  fuels  in  the  future.  NASA  emphasis 
on  a synthetic  jet  fuel  technology  might  focus  on  those  economic  issues 
to  which  tlie  airlines  are  most  sensitized.  A fuel  and  engine  tech- 
nology developed  for  subsonic  commercial  applications  might  not  meet 
high-performance  military  mission  requirements.  Finally,  tiiere  is 
still  some  limited  sentiment  within  NASA  that  the  aviation  fuel  of 
the  future  is  liquid  hydrogen.  From  a military  perspective,  this  does 
not  appear  to  be  a viable  option.  Hence,  it  would  seem  that  the  Air 
Force  would  have  to  assume  at  least  part  of  the  R&I)  burden  if  synthetic 
JP  from  coal  is  to  be  a viable  jet  fuel  option  tor  the  military  in  the 
future. 

The  Air  Force  is  entering  an  era  when  the  economics  and  availa- 
bility of  jet  fuel  will  be  less  certain  than  they  have  been  in  the 
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past.  The  Air  Force  may  have  to  use  jet  fuels  derived  from  a variety 
of  primary  energy  resources,  including  crude  oil,  coal,  and  oil  shale. 
The  capability  to  use  a variety  of  fuels  may  be  one  way  in  which  the 
Air  Force  can  maintain  the  operational  flexibility  that  it  has  enjoyed 
in  the  past  when  fuel  availability  and  economics  were  less  of  a problem. 

The  next  section  delineates  the  conditions  under  which  it  would 
be  to  the  Air  Force's  advantage  to  acquire  a multifuel  propulsion  capa- 
bility and  quantifies  some  of  the  possible  benefits  from  having  that 
capability.  The  R&D  planner  can  then  measure  these  benefits  against 
his  expectations  of  the  costs  of  developing  multifuel  technology, 
some  of  those  technology  items  having  been  highlighted  in  Table  8. 
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IV.  POTENTIAL  BENEFITS  FROM  DEVELOPING  A MULTIFUEL 
PROPULSION  CAPABILITY  FOR  FUTURE  AIRCRAFT 


INTRODUCTION 

In  the  previous  section,  we  indicated  that  coal  and  oil  shale 
could  be  attractive  domestic  energy  resource  alternatives  to  crude  oil 
for  the  future  production  of  jet  fuels.  A synthetic  JP  fuel  appears 
to  be  t.ie  most  advantageous  form  derivable  from  these  resources  for 
use  by  the  military.  Synthetic  JP  fuels  may  have  somewhat  different 
characteristics  than  current  petroleum  jet  fuels.  The  degree  of 
difference  will  depend  on  the  costs  and  technological  difficulties 
of  refining  synthetic  crude  oils  compared  with  the  costs  and  techno- 
logical difficulties  of  designing  engines  that  could  use  broader  speci- 
fication jet  fuels.  Hence,  R&D  will  be  required  to  develop  a multifuel 
propulsion  capability  (e.g.,  the  capability  of  using  fuels  derived  from 
crude  oil,  oil  shale,  or  coal),  with  the  ultimate  balance  between  em- 
phasis on  refining  or  on  engine  technology  yet  to  be  determined.  Abil- 
ity to  use  a variety  of  fuels  might  significantly  enhance  the  flexi- 
bility of  the  military  because  the  Air  Force  would  no  longer  have  to 
depend  on  a single  energy  resource  (e.g.,  crude  oil)  for  future  jet 
fuels.  Of  course,  for  the  most  part,  such  a capability  would  be  valu- 
able only  if  a synthetic  fuels  industry  develops  in  the  United  States. 
The  analysis  presented  in  this  section  indicates  a strong  likelihood 
of  this  occurring  sometime  between  1990  and  2025,  with  the  switch  from 
crude-oil-based  aviation  fuels  to  coal-  or  oil-shale-based  fuels  in 
this  time  period  being  dictated  by  comparative  economics  rather  than 
by  a total  lack  of  availability  of  crude  oil. 

At  the  present  time,  it  is  too  early  to  tell  how  much  it  would 
cost  to  acquire  the  capability  to  use  a variety  of  fuels.  Nonetheless, 
the  probable  state  of  the  geopolitical  imbalance  of  crude-oil  reserves 
at  the  turn  of  the  century,  in  conjunction  with  the  lead  time  required 
to  develop  and  phase  in  new  propulsion  technologies,  suggest  that  ad- 
vanced basic  research  on  the  concept  should  start  now.  In  the  previous 
sections,  we  indicated  that  part  of  this  R6.D  burden  would  probably  have 
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to  be  assumed  by  the  Air  Force,  a major  domestic  consumer  of  jet  fuel, 
to  assure  a suitable  fuel  for  use  in  military  engines. 

The  analysis  developed  in  this  section  indicates  that  in  addition 
to  the  benefit  of  flexibility  in  wartime,  there  may  be,  under  certain 
circumstances,  a peacetime  economic  benefit  associated  with  possession 
of  a multifuel  propulsion  capability.  Although  the  potential  economic 
benefits  from  such  a capability  are  extremely  difficult  to  predict  be- 
cause of  the  future  uncertainty  associated  with  world  and  domestic 
prices  for  fossil  resources,  determination  of  potential  benefits  will, 
nonetheless,  be  the  principal  objective  of  this  section.  Specifically, 
we  will  seek,  to  determine  under  what  conditions  an  Air  Force  R&D  invest- 
ment in  multifuel  propulsion  technology  might  result  in  an  economic 
benefit . 

Background 

The  life  cycle  through  which  a propulsion  technology  advancement 
evolves  can  last  from  25  to  50  years.  For  example,  it  is  not  infre- 
quent that  a 5 to  10  year  basic  research  effort  precedes  a 5 to  7 year 
engine  development  program,  which  then  results  in  a 5 to  15  year  pro- 
duction run  of  a family  of  engines,  each  of  which  has  a 10  to  15  year 
life  of  operational  usage,  resulting  in  a total  cycle  of  25  to  47 
years.  Therefore,  if  a new  propulsion  technology  is  desired  for  air- 
craft operating  around  the  year  2000,  it  is  not  unreasonable  to  expect 
that  basic  research  should  commence  in  the  1970s. 

The  Air  Force  Aero-Propulsion  Laboratory  has  already  initiated 
some  limited  research  on  the  use  of  oil  shale  and  coal  as  sources  for 
future  aviation  fuels.  Although  NASA  and  the  Air  Force  Aero-Propulsion 
Laboratory  have  undertaken  a joint  10  year,  $8  million  study  of  syn- 
thetic aviation  fuels  derived  from  both  oil  shale  and  coal,  they  are 
placing  a significant  emphasis  on  oil  shale.  The  emphasis  on  oil  shale 
may  in  part  be  due  to  budget  limitations.  Although  the  research  thus 
far  has  been  promising,  major  questions  still  exist  regarding  the  fi- 
nancial, physical,  and  chemical  effects  of  synthetic  fuels  on  jet  en- 
gines and  refinery  operations.  The  problems  posed  by  the  characteris- 
tically high  aromatic  content  of  synthetic  fuels  (causing  increased 


combustor  liner  temperatures,  greater  smoke  emissions,  larger  infrared 
signatures,  etc.)  and  their  high  nitrogen  content  (causing  catalyst 
poisoning  in  some  refinery  processes)  need  to  be  resolved.  Further- 
more, questions  about  ignition,  thermal  stability,  material  compatibil- 
ity, etc.,  need  to  be  explored.  A significant  amount  of  additional 
basic  research  will  probably  be  needed;  against  the  cost  of  that  re- 
search, we  can  weigh  the  military  value  of  the  capability  to  use  a va- 
riety of  fuels  and  the  potential  economic  benefit. 

General  Approach 

The  economic  benefit  that  may  ultimately  be  attributed  to  an  R&D 
investment  in  the  development  of  a multifuel  propulsion  capability 
will  be  influenced  by  three  principal  factors:  (1)  the  resolution  of 

a complex  set  of  national  energy  policy  issues;  (2)  the  depletion  of 
our  domestic  crude-oil  reserves;  and  (3)  the  future  price  levels  for 
crude-oil  imports.  Each  of  these  factors  is  systematically  considered 
in  our  assessment.  For  a given  assumption  about  each  of  these  factors, 
the  economic  benefit  is  assessed  in  terms  of  the  cost  avoidance  oppor- 
tunity that  would  be  offered  by  the  multifuel  propulsion  capability. 

If  the  Air  Force  were  able  to  use  a variety  of  fuels  by  1995  (actually, 
some  aircraft  might  be  converted  prior  to  1995,  others  after  1995), 
then  they  could  buy  the  cheapest  jet  fuel  available  that  year  rather 
than  being  forced  to  buy  a perhaps  more  expensive  crude-oil-based  jet 
fuel . 

For  example,  our  analysis  indicates  that  in  the  year  2000  the  Air 
Force  might  spend  $2  billion  for  jet  fuel  (1974  dollars)  if  they  de- 
pended solely  on  jet  fuels  obtained  from  crude  oil.  On  the  other  hand, 
if  the  Air  Force  could  buy  the  cheapest  fuel  then  available  (whether 
derived  from  crude  oil,  coal,  or  oil  shale),  then  they  might  spend 
only  $1.6  billion  annually  on  fuel.  The  cost  avoidance  attributable 
to  tlie  multifuel  engine  technology  in  the  year  2000  would  then  be  $0.4 
billion  (1974  dollars). 

Data  Sources.  Principal  data  used  in  the  analysis  were  extracted 

from  the  Stanford  Research  Institute  (SRI)  decision  analysis  that  sup- 

(29) 

ported  the  President's  Synfuels  Interagency  Task  Force  Report. 
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The  national  energy  policy  scenarios  formulated  by  ERDA  were  used  as 
a representative  set  of  possible  national  energy  policies.  ' Data 
from  the  United  States  Geological  Survey  (USGS)  were  used  to  represent 
the  alternative  expectations  of  recoverable  crude-oil  resources  in  the 
United  States.  And  finally,  although  the  Air  Force  annual  consump- 

tion of  jet  fuel  was  assumed  to  remain  constant  at  its  current  peace- 

* 

time  level  of  3.9  billion  gallons  per  year,  the  results  of  the  analy- 
sis are  presented  in  such  a way  that  they  can  be  linearly  scaled  to 
other  consumption  levels. 

It  might  be  appropriate  to  consider  reduced  fuel  consumption  levels 
during  peacetime,  in  light  of  the  current  trend  towards  decreasing  fuel 
consumption  as  prices  escalate  and  additional  flight  simulators  become 
available.  To  the  extent  that  such  a trend  continues  in  the  future, 
the  assumption  that  fuel  consumption  remains  constant  over  time  might 
cause  the  fuel  cost  avoidance  potential  to  be  overstated.  Thus,  if  one 
believes  that  the  Air  Force's  fuel  consumption  during  peacetime  might 
be  reduced  by  50  percent  by  the  turn  of  the  century,  then  one  should 
correspondingly  reduce  the  calculated  cost  avoidance  by  50  percent. 

The  Model.  Previous  research  has  not  been  oriented  toward  fore- 
casting jet  fuel  costs  over  the  time  scale  of  interest  in  this  study. 

/ 1 o.\ 

As  a consequence,  we  employed  a model  developed  at  Rand1'  that  uses 

an  approach  similar  to  that  of  the  Brookhaven  National  Laboratory 

energy  model,  used  in  the  development  of  KRDA’s  national  energy  policy 
(79) 

scenarios.  The  model  used  in  our  analysis,  however,  emphasizes 

the  refinery  sector  and  the  temporal  evolution  of  the  U.S.  energy  sys- 
tem, whereas  the  Brookhaven  model  is  a static  model  that  does  not  con- 
sider the  depletion  of  resources  over  time.  The  primary  function  of 
the  model  we  used  is  to  track  the  depletion  of  domestic  resources  by 
extraction  cost  categories  ($6  per  barrel  of  oil,  $23  per  barrel  of 
oil,  etc.),  which  enables  a projection  to  be  made  of  the  cost  of  pro- 
ducing jet  fuels  from  the  primary  fossil  resources  of  interest. 

It  was  our  initial  belief  (subsequently  indicated  by  our  analysis) 
that  a projected  increase  in  extraction  costs  for  domestic  crude  oil 

•k 

Reference  5 and  personal  communication  from  William  Vance,  Defense 
Energy  Information  Service,  October  1975. 


from  the  current  average  of  about  $6  per  barrel  to  costs  in  excess  of 
$20  per  barrel  might  provide  an  economic  stimulus  for  the  development 
of  a synthetic  fuels  industry  in  the  United  States,  which  could  ulti- 
mately lead  to  the  near  total  replacement  of  crude  oil  as  a liquid 
fossil  fuel  resource. 

Because  our  model  is  relatively  inexpensive  to  run,  we  were  able 
to  explore  the  sensitivity  of  future  jet  fuel  production  costs  to  a 
wide  range  of  factors.  This  was  accomplished  by  systematically  con- 
bining  a set  of  forecasts  of  future  crude-oil  import  prices  with  al- 
ternative national  energy  policies  and  with  a set  of  assessments  of 
domestic  crude-oil  and  natural  gas  reserves  in  order  to  simulate  the 
range  of  alternative  paths  over  which  the  United  States  energy  system 
might  evolve.  For  each  simulation,  the  model  was  given  a forecast  of 
crude-oil  import  prices,  a national  energy  policy  scenario,  an  assess- 
ment of  domestic  fossil  resources,  and  an  assessment  of  the  assumed 
demand  for  energy  as  a function  of  time,  with  the  price  elasticities 
of  energy  demands  considered  exogeneous  to  the  model.  The  model, 
through  a linear  programming  approach,  then  explicitly  adjusts  the 
rate  of  addition  of  energy  conversion  facilities  (e.g.,  refineries, 
power  plants)  and  the  rate  of  resource  depletion  in  order  to  minimize 
the  cost  of  satisfying  U.S,  energy  demands  over  the  next  60  years. 
Hence,  the  decision  to  commercialize  a given  technology  (e.g.,  produc- 
tion of  synthetic  fuels  from  oil  shale)  and  interfuel  substitution 
decisions  (e.g.,  derivation  of  jet  fuel  from  crude  oil  or  from  oil 
shale)  are  predicated  on  which  technology  minimizes  the  60  year  life 
cycle  cost  of  satisfying  U.S.  energy  demands.  Because  the  model  simu- 
lates the  consumption  of  domestic  resources  over  time,  increases  in 
resource  extraction  costs  over  time  can  be  observed  as  consumption 
patterns  force  the  U.S.  energy  system  to  resort  to  more  expensive  ex- 
traction methods  (e.g.,  deeper  wells). 

The  Economic  Benefit  Att_ribu_table  to  the  R&D  Program . For  a given 
combination  of  national  energy  policy,  crude-oil  import  price  fore- 
cast, and  assessment  of  domestic  resources,  the  costs  of  producing  jet 
fuels  from  crude  oil,  oil  shale,  and  coal  were  estimated  as  a function 
of  time.  Then  for  each  year  commencing  with  1995,  the  Air  Force's 
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annual  expenditure  for  jet  fuel  was  estimated  for  two  alternative  cases. 
In  case  1,  the  Air  Force  could  procure  only  a jet  fuel  derived  from 
crude  oil,  and  in  case  2,  the  Air  Force  could  procure  the  least  expen- 
sive jet  fuel  as  derived  from  crude  oil,  coal,  or  oil  shale.  At  worst, 
the  annual  expenditures  for  case  2 would  be  the  same  as  for  case  1 
(e.g.,  if  crude  oil  were  the  least  expensive  alternative).  However, 
in  those  years  when  it  would  be  cheaper  to  produce  aviation  fuel  from 
coal  or  oil  shale,  there  would  be  a net  cost  avoidance  for  case  2. 

This  cost  avoidance  is  the  economic  benefit  that  would  be  attributable 
to  the  R&D  program  (recall  that  there  are  other  benefits,  for  example, 
enhanced  military  flexibility). 

The  economic  benefit  of  the  R&D  program  will  be  assessed  in  two 
steps.  In  the  first  step,  the  focus  is  principally  on  the  cost  of 
producing  the  alternative  aviation  fuels.  Market  price-setting  mecha- 
nisms are  then  treated  briefly  in  the  second  step,  where  the  Air  Force's 
market  share  is  evaluated. 

We  begin  the  next  subsection  with  a nominal  projection  of  future 
jet  fuel  costs  based  on:  (1)  the  ERDA  synfueis  scenario,  (2)  the 

nominal  forecast  for  crude-oil  import  prices,  and  (3)  the  nominal  as- 
sessment of  the  domestic  fossil  fuel  resource  base.  These  fuel  cost 
projections  are  then  used  to  assess  the  economic  benefit  attributable 
to  a multifuel  propulsion  capability.  The  sensitivity  of  the  economic 
benefit  to  other  scenarios  and  resource  cases  (Fig.  34)  is  then  ad- 
dressed. The  other  scenarios  include  a baseline  case  with  no  major 
technology  initiatives,  a scenario  in  which  improvements  are  made  in 
the  devices  that  use  energy  (e.g.,  autos,  airplanes)  a scenario  in 
which  breeder  reactors  constitute  a major  source  of  energy,  plus  vari- 
ous combinations  emphasizing  more  than  one  technological  approach. 

Since  the  foregoing  aspects  of  the  benefit  assessment  are  by  and  large 
a cost  analysis  which  does  not  purport  to  take  into  account  market- 
place supply  and  demand  pricing,  a limited  attempt  is  then  made  to  ex- 
amine the  sensitivity  of  the  Air  Force’s  crude-oil  market  share  to  the 
scenarios  described  above.  Finally,  the  section  is  concluded  with  a 
summary  of  our  observations. 
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• ENERGY  R&O  PLANNING  SCENARIOS 

- BASELINE:  NO  NEW  TECHNOLOGIES  (BAS) 


- END  + SYN 

- END  + BRE 

- SYN  + BRE 


- SYN  + END  + BRE  (CURRENT  PROGRAM) 

• RESOURCE  ASSESSMENT  CASES  (OMB/USGS) 


Fig.  34 — Scenarios  and  resource  cases  (from  Refs.  17, 


29,  and  77) 


PROJECTION  OF  JET  FUEL  COSTS 

We  now  make  projections  of  the  comparative  cost  of  producing  jet 
fuel  from  crude  oil,  coal,  and  oil  shale,  given:  (1)  a nominal  assess- 

ment of  the  domestic  availability  of  those  resources,  (2)  the  ERDA  syn- 
fuels  scenario  as  the  national  energy  policy  guideline,  and  (3)  a 
nominal  forecast  for  crude-oil  import  prices. 

Data  Sour ces 

National  Energy  Policy.  The  ERDA  synfuels  scenario is  based 
upon  the  assumption  that  the  United  States  aggressively  pursues  the 
research,  development,  demonstration,  and  commercialization  of  coal 
gasification  liquefaction  and  oil-shale  liquefaction  in  order  to  pro- 
vide a lower-cost  alternative  to  crude  oil  as  a liquid  fossil  fuel 
resource.  This  scenario  would  have  the  effect  of  slowing  down  our 
rate  of  consumption  of  crude  oil  in  the  low  extraction  cost  category. 
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thereby  forestalling  the  need  to  resort  to  the  extraction  of  higher 
cost  crude-oil  reserves. 

Domestic  Resource  Base.  The  domestic  resource  assessment  used 

in  this  section  is  a nominal  estimate  of  the  total  resources  that 

could  be  extracted  at  variou:  costs  (Fig.  35(a)).  This  assessment  is 

based  on  the  nominal  estimates  for  demonstrated  and  inferred  reserves 

(29) 

reported  in  the  President's  Synfuels  Interagency  Task  Force  Report,  ' 
adjusted  to  include  the  expected  undiscovered  reserves  estimated  by 
the  USGS.^^  The  low  and  high  estimates  of  domestic  crude-oil  re- 
serves illustrated  in  Fig.  35(a)  are  considered  in  a subsequent  sensi- 
tivity analysis. 

The  domestic  resource  extraction  costs  in  Fig.  35(a)  are  for  the 

resource  delivered  to  the  minemouth  in  the  case  of  coal,  the  wellhead 

in  the  case  of  crude  oil,  and  the  wellhead  in  the  case  of  in  situ 

extraction  of  oil  shale  (or  the  output  from  the  retort  facility  if  it 

is  mined).  To  facilitate  comparisons,  the  resource  supply  costs  are 

expressed  in  terms  of  the  cost  of  a quantity  of  energy  equivalent  to 

* 

that  contained  in  a barrel  of  crude  oil. 

Coal  is  the  least  expensive  domestic  resource  on  the  basis  of  ex- 
traction costs  per  unit  of  energy  as  presented  in  Fig.  35(a).  However, 
observe  that  raw  coal  is  quite  unsuitable  for  input  to  a refinery, 
whereas  the  shale  oil  is  just  one  upgrading  step  away  from  being  a com- 
parable replacement  for  crude  oil.  When  the  cost  of  liquefying  the 
coal  is  taken  into  account,  the  difference  in  cost  between  the  shale 
oil  and  coal  (shown  by  the  curves  in  Fig.  35(a))  is  altered  substan- 
tially. 

For  our  purposes,  it  is  useful  to  present  data  on  the  cost  of 
domestic  resource  extraction  as  a function  of  the  cumulative  consump- 
tion after  a fixed  point  in  time,  as  in  Fig.  35(a).  For  example,  the 
USCS  estimated  that  the  United  States  had  somewhere  between  50  and  150 
billion  barrels  of  oil  that  could  be  extracted  at  a cost  of  about  $6 
per  barrel,  as  of  the  end  of  1974.^^ 


A barrel  of  crude  oil  has  an  energy  content  of  about  5.55  million 


1 j 


Btu . 


Cumulative  consumption  after  1974 
(in  billions  of  equivalent  bbl  of  oil! 


(a)  Domestic  resource  extraction 
(from  Refs.  29  and  77) 


IMPORT  PRICE 
FOR  CRUDE  OIL 
( 1974  dollars 
per  bbl ) 


(b)  Import  price  for  crude  oil  (from  Ref.  29) 

Fig.  35 — Resource  assessment  cases  (model  input) 
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Crude-011  Imports.  The  data  for  crude-oil  imports  (Fig.  35(b)) 
could  not  be  obtained  on  a basis  comparable  to  that  shown  in  Fig.  35(a) 
because  of  (1)  the  uncertainty  about  the  extent  of  foreign  reserves, 

(2)  the  extent  to  which  nations  other  than  the  United  States  will  de- 
plete these  reserves,  and  (3)  the  difficulty  of  predicting  the  future 
geopolitical  conditions  under  which  we  might  import  crude  oil.  In 
view  of  these  factors,  we  had  to  resort  to  using  a range  of  subjective 
assessments  of  the  future  trend  of  the  import  price  of  crude  oil  as  a 
function  of  time  (see  Fig.  35(b)).  These  assessments  were  formulated 

from  the  inputs  of  a number  of  government  and  industry  experts  who 

(29) 

participated  in  the  Synfuels  Interagency  Task  Force  study.  The 

nominal  curve  in  Fig.  35(b),  which  is  the  basis  for  the  jet  fuel  cost 
projections  made  in  this  section,  reflects  the  assumption  that  the 
Organization  of  Petroleum  Exporting  Countries  (OPEC)  cartel  remains 
an  effective  price-setting  organization.  The  bottom,  or  low  curve, 
on  the  other  hand,  reflects  the  price  levels  that  might  prevail  if  the 
price-setting  effectiveness  of  the  cartel  were  significantly  weakened 
or  collapsed.  The  upper  curve  shows  the  effect  on  the  cost  of  oil  if 
the  price-setting  effectiveness  of  the  cartel  were  strengthened  and 
could  thereby  extract  an  even  higher  price  for  crude  oil. 

The  import  price  trends  in  Fig.  35(b)  are  extracted  from  the  re- 
sults of  a decision  analysis  conducted  by  the  SRI  group  which  provided 

a principal  input  to  the  President's  Synfuels  Interagency  Task  Force 
(34) 

Report.  The  data  in  Fig.  35(b)  in  effect  represent  the  spectrum 

of  future  events  in  terms  of  three  scenarios:  (1)  an  even  stronger 

cartel;  (2)  survival  of  the  current  cartel's  strength;  and  (3)  a sig- 
nificantly weakened  cartel.  The  experts  who  participated  in  the  SRI 
decision  analysis  assessed  the  relative  probability  for  these  scenarios 
at:  (1)  a 0.25  probability  for  the  first  scenario  (represented  by  the 

upper  curve  in  Fig.  35(b));  (2)  a 0.25  probability  for  the  continuance 
of  the  current  cartel's  strength  (represented  by  the  nominal  curve); 

and  (3)  a 0.5  probability  for  the  weak  cartel  scenario  (represented 
(34) 

by  the  low  curve) . 
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Pro/je' jtions  of  Resource  Consumption 

Given  the  nominal  assessments  of  resource  supply  cost  as  a func- 
tion of  year  in  the  case  of  imports,  and  as  a function  of  cumulative 
consumption  in  the  case  of  domestic  resources,  the  next  step  is  to 
determine  the  consumption  patterns  over  time  for  the  domestic  fossil 
resources  of  interest.  This  was  done  with  a model  that  simulates  the 

evolution  of  the  U.S.  energy  system  and  the  consumption  of  our  domestic 
(78) 

fossil  resources.  The  resulting  resource  consumption  pattern  is 

depicted  in  Fig.  36,  in  terms  of  the  cumulative  consumption  of  re- 
sources after  1974  for  coal,  shale  oil,  and  crude  oil.  (Again,  the 
units  are  in  terms  of  the  equivalent  energy  content  of  a barrel  of 
oil)  . 


.1 


Fig,  36 — Projection  of  cumulative  consumption 
of  domestic  fossil  resources 


In  a given  year,  the  slope  of  each  curve  in  Fig.  36  indicates  the 
corresponding  annual  consumption  rate.  For  example,  the  slope  of  the 
curve  showing  cumulative  coal  consumption  becomes  quite  steep  after 
1990  in  contrast  to  the  slope  of  the  crude-oil  curve,  which  begins  to 
flatten  out.  By  2020,  the  annual  production  of  crude  oil  has  become 
virtually  nonexistent.  The  reason  for  this  shift  from  consumption  of 
crude  oil  to  consumption  of  coal  and  oil  shale  can  be  discerned  from 
Fig.  35(a)  by  observing  the  relative  shapes  of  the  curves  showing 
domestic  resource  extraction  costs.  Once  the  knee  in  the  crude-oil 
curve  is  encountered,  there  is  significant  economic  pressure  to  re- 
place crude  oil  with  coal  or  oil  shale.  As  the  extraction  costs  for 
crude  oil  continue  to  increase,  that  resource  becomes  less  and  less 
desirable  as  a primary  energy  resource,  and  eventually  all  energy  users 
switch  to  other  primary  energy  sources,  such  as  coal,  oil  shale,  or 
uranium. 

From  a military  point  of  view,  it  might  seem  beneficial  if  every- 
one else  switched  to  coal  or  shale  oil,  simply  leaving  the  remaining 
crude-oil  reserves  for  the  military  to  use.  However,  our  results  in- 
dicate that  by  the  time  other  users  shift  to  coal  and  shale  oil,  the 
crude  oil  in  the  lower  extraction  cost  category  would  have  been  depleted, 
leaving  only  more  costly  crude  oil  for  military  use  (see  Fig.  37). 

Projection  of  Jet  Fuel  Production  Costs 

Resource  Costs  for  Jet  Fuel  Production.  The  primary  energy  re- 
source cost  projections  in  Fig.  37  are  based  on  the  cumulative  consump- 
tion trends  of  Fig.  36  and  the  resource  supply  costs  of  Fig.  35.  The 
imported  crude-oil  price  curve  is  taken  directly  from  Fig.  35(b).  The 
other  three  curves  (for  domestic  crude  oil,  shale  oil  and  coal)  are 
developed  from  the  simulation  by  simply  combining  the  information  in 
Figs.  35(a)  and  36.  The  steps  in  Fig.  37  for  the  latter  three  curves 
represent  increases  in  the  extraction  cost  for  the  corresponding  domes- 
tic resources . For  example,  by  the  early  1990s,  all  of  the  domestic 
oil  that  could  be  extracted  for  $6  per  barrel  will  have  been  depleted, 
thus  causing  a shift  to  the  extraction  of  oil  at  the  $9  per  barrel 
level.  Similarly,  there  is  another  shift  to  the  $22  per  barrel 


Resource  supply  cost 
( 1974  dollars  per  equivalent  bbl  ot  oil) 

F i g o 38 — Jet  fuel  production  costs  (from  Refs.  79  and  80) 

that  indicates  what  the  current  production  cost  would  be  if  the  indi- 
cated primary  energy  resource  were  being  used  today  to  produce  jet 
fuel.  Since  jet  fuel  is  produced  exclusively  from  crude  oil  today, 
the  benchmarks  for  the  coal  and  shale  oil  curves  are  hypothetical. 
Nonetheless,  they  indicate  that  at  current  resource  supply  cost  levels 
jet  fuel  could  be  produced  for  roughly  the  same  cost  from  any  one  of 
the  three  alternatives  (i.e.,  coal,  shale  oil,  or  crude  oil).  Thus, 
the  relevant  question  is:  Hoti  vapidly  ' V :k>  m*  •<  .•  * 

escalate  over  time  for  the  thro i primary  enerjij  res  .,rce si  That  ques- 
tion was  answered  directly  in  Fig.  37  for  coal  and  oil  shale. 

However,  in  the  crude-oil  case,  the  issue  is  complicated  by  the 
appearance  of  two  resource  supply  cost  curves  in  Fig.  37.  In  Fig.  38, 
we  assumed  that  the  crude-oil  resource  supply  cost  is  based  upon  the 
import  price  for  crude  oil  in  1975.  As  long  as  the  United  States 
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requires  crude-oil  imports  to  supplement  domestic  crude-oil  production, 

the  marginal  price  of  imported  crude  oil  should  set,  or  exert  a strong 

* 

influence  on,  the  resource  supply  cost  for  jet  fuel  production.  Of 
course,  strictly  speaking,  this  is  the  case  only  for  a free  market, 
which  does  not  wholly  exist  in  the  United  States  today  because  of  price 
controls  on  domestic  crude  oil.  However,  under  the  current  decontrol 
program,  the  government  is  in  the  process  of  allowing  the  price  of 
domestic  crude  oil  to  rise  to  an  uncontrolled  level  that  will,  in  all 
likelihood,  be  close  to  the  import  price  level.  Thus,  in  determining 
the  cost  of  producing  jet  fuel  from  crude  oil,  it  seems  reasonable  to 
use  the  import  price  as  the  basis  for  the  crude-oil  resource  supply 
cost . 


Jet  Fuel  Production  Costs.  Although  it  is  more  expensive  to  pro- 
duce jet  fuel  from  coal  than  from  crude  oil  for  a given  resource  supply 
cost  (Fig.  38),  we  found  in  Fig.  37  that  the  resource  cost  for  coal 
is  much  lower  than  that  for  crude  oil,  and  therefore  we  find  in  Fig. 

38  that  for  certain  combinations  of  coal  and  crude-oil  resource  supply 
costs,  jet  fuel  produced  from  coal  could  be  less  costly  than  a similar 
jet  fuel  produced  from  crude  oil.  Note  that  our  results  indicate  that 
there  are  intervals  of  time  (Fig.  39)  during  which  jet  fuel  produced 
from  oil  shale  might  be  less  costly  than  that  produced  from  coal  and 
vice  versa.  Considering  the  level  of  uncertainty  of  the  analysis,  the 
relevant  observation  about  Fig.  39  is  not,  however,  that  small  differ- 
ences in  production  costs  may  exist  between  jet  fuels  from  coal  and 
shale  oil,  but  rather  that  potentially  significant  differences  in  costs 
may  exist  between  jet  fuels  derived  from  crude  oil  and  the  other  two 
competing  resources. 

It  should  be  kept  in  perspective  that  as  oil  shale  liquefaction 
technology  (i.e.,  hi  situ  or  retort)  develops  and  as  environmental 


As  of  July  1975,  the  Air  Force  was  paying  42  cents  per  gallon 
for  JP-4,  which  is  essentially  commensurate  with  jet  fuel  production 
costs  at  a resource  supply  cost  equivalent  to  the  world  oil  price. 

4. 

For  example,  if  both  coal  ami  crude  oil  had  a resource  supply 
cost  of  $15  per  equivalent  barrel  of  crude  oil,  jet  fuel  produced  from 
coal  would  be  about  twice  as  costly  as  jet  fuel  produced  from  crude  oil. 


J 


] 

( 


! 


-105- 


Fig.  39 — Projection  of  jet  fuel  production  costs  (model  output) 

issues  and  reclamation  costs  become  more  certain,  it  is  quite  possible 
that  the  oil-shale  alternative  may  lose  some  of  its  advantage  over 
coal  or  even  crude  oil.  Similarly,  there  are  technology  and  cost  un- 
certainties associated  with  full-scale  commercialization  of  coal  lique- 
faction, which  could  also  alter  the  cost  projection  for  coal-derived 
jet  fuels.  Since  these  uncertainties  will  not  be  resolved  for  some 
time,  it  seems  that  the  development  of  a multifuel  propulsion  capabil- 
ity would  have  the  distinct  advantage  of  freeing  the  Air  Force  from 
reliance  on  just  a single  energy  resource  and  associated  jet  fuel 
production  technology. 

An  Alternative  View  of  Market  Behavior.  Thus  far,  the  focus  has 
been  principally  on  the  cost  of  producing  aviation  fuel  from  alterna- 
tive primary  energy  resources.  With  the  exception  of  the  imported  oil 
price-setting  the  resource  supply  cost  for  crude  oil,  we  have  thus  far 
purposely  steered  clear  of  any  attempt  to  consider  the  marketplace 
price-setting  mechanisms  that  might  be  in  effect  at  the  turn  of  the 
century.  For  the  sake  of  completeness,  however,  we  must  acknowledge 
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that  there  is  a school  of  thought  that  holds  that  the  price  that  the 
Air  Force  would  pay  for  jet  fuel  would  not  be  sensitive  to  the  primary 
resource  used  to  produce  that  fuel,  since  all  of  the  primary  resources 
could  be  used  to  produce  a similar  fuel. 

This  argument  is  based  on  the  contention  that  once  the  fuel  enters 

•k 

the  marketplace,  it  loses  all  distinction  (not  quite  true,  however) 
concerning  the  source  from  which  it  was  derived.  That  is,  if  there  are 
two  firms  producing  jet  fuel.  Firm  A producing  it  from  coal  and  Firm  B 
producing  it  from  crude  oil,  they  will  both  end  up  charging  the  same 
price.  Alternatively,  Firm  A might  also  be  Firm  B,  in  which  case  there 
would  be  little  incentive  to  charge  a different  price.  The  argument 
further  contends  that  Firm  A (which  uses  crude  oil)  must  charge  a price 
that,  at  a minimum,  covers  its  cost  (cost  including  return  on  invest- 
ment); therefore,  the  price  that  the  Air  Force  pays  for  its  jet  fuel 
would  follow  the  crude-oil  projection  in  Fig.  39,  regardless  of  whether 
the  primary  energy  resource  was  crude  oil,  coal,  or  oil  shale.  , 

One  fault  in  this  argument  lies  in  the  assumption  that  Firm  B 
(using  coal)  would  be  allowed  to  charge  the  same  price  as  Firm  A (using 
crude  oil).  First  of  all,  this  would  allow  an  excess  profit  situation 
to  exist  for  Firm  B,  and  secondly,  such  a situation  would  be  counter 
to  the  stated  objective  of  national  energy  policy,  which  is  to  develop 
secure  sources  of  energy  for  the  future  that  provide  lower-cost  alter- 
natives  to  crude  oil.  It  does  not  seem  credible  that  the  public 

would  support  government  investment  in  energy  technology  research, 
development,  and  demonstration  (and  perhaps  even  commercialization) 
and  would  then  allow  prices  to  be  set  for  energy  products  in  a manner 
which  is  in  direct  opposition  to  the  objectives  of  the  R&D  investment. 
Thus,  in  the  remainder  of  this  report,  we  will  assume  that  coal  and 
oil-shale  resources  and  the  eventual  end-use  product  of  interest  (i.e., 

A 

For  example,  the  aromatic  content  of  jet  fuels  may  differ,  depend- 
ing on  the  energy  resource  from  which  they  are  derived,  and  the  exten- 
siveness of  the  refining  process. 

4. 

Another  fault  with  the  argument  is  that  it  assumes  that  there  is 
no  competition  between  firms  of  type  B that  use  coal  to  produce  jet 
fuels . 


jet  fuel)  are  priced  on  a cost  basis  (including  appropriate  return  on 
investment)  rather  than  on  the  basis  of  the  prevailing  crude-oil  price. 

THE  ECONOMIC  BENEFIT  REALIZED  BY  THE  AIR  FORCE 

We  now  use  the  jet  fuel  production  cost  projections  just  developed 
to  assess  the  potential  benefit  attributable  to  a multifuel  propulsion 
capability  that  might  result  from  an  Air  Force  R&D  program. 

If,  optimistically,  the  Air  Force  were  to  possess  such  a capability 
fleetwide  in  the  early  1990s,  then  it  could  commence  procurement  of 
the  lowest-cost  jet  fuel  alternative  at  that  time.  Figure  39  indicates 
that  based  on  presently  available  information,  coal-  or  oil-shale-based 
jet  fuels  could  be  consistently  less  costly  by  then  than  jet  fuels  de- 
rived from  crude  oil.  Hence,  there  could  be  a significant  economic 
advantage  in  not  having  to  procure  crude-oil-based  jet  fuels. 

Figure  39  also  suggests  that  there  may  be  time  periods  during 
which  coal-based  jet  fuels  are  cheaper  than  oil-shale-based  jet  fuels, 
and  vice  versa,  depending  on  the  rate  at  which  lower-cost  surface- 
mineable  western  coal  deposits  are  depleted,  as  well  as  on  the  rate 
at  which  the  most  readily  recoverable  oil-shale  deposits  are  depleted. 
Thus,  it  would  seem  highly  desirable  not  to  rely  on  a single  resource 
for  jet  fuel,  but  rather  to  develop  a capability  to  use  jet  fuels  de- 
rived from  coal,  oil  shale,  or  crude  oil.  In  so  doing,  the  Air  Force 
could  procure  the  lowest-cost  alternative  at  any  point  in  time  to  ex- 
ploit the  switching  phenomenon  suggested  by  Fig.  39. 

The  R&D  Benefit 

For  the  case  where  the  Air  Force  possesses  a multifuel  propulsion 
capability,  it  is  assumed  that  the  least-cost  jet  fuel  alternative 
depicted  in  Fig.  39  is  used  each  year.  For  the  case  in  which  the  Air 
Force  does  not  have  this  capability,  it  is  assumed  that  the  annual 
consumption  is  of  a crude-oil-based  jet  fuel,  which  is  procured  at  the 
cost  indicated  in  Fig.  39.  The  resulting  projection  of  annual  jet 
fuel  expenditures  by  the  Air  Force  (Fig.  40)  is  based  on  the  assump- 
tion that  future  Air  Force  fuel  consumption  remains  constant  at  the 
current  peacetime  level  of  about  3.9  billion  gallons  per  year. 
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Fig.  40 — Projection  of  annual  jet  fuel  expenditures  by  the  Air  Force 


The  curves  in  Fig.  40  represent  the  annual  expenditures  for  these 
two  cases.  The  difference  between  the  two  curves  represents  the  poten- 
tial cost  avoidance  that  can  be  attributed  to  the  multifuel  capability. 
When  the  Air  Force  could  actually  begin  procuring  synthetic  jet  fuel 
would  depend  on  the  outcome  of  R&D  efforts  and  the  subsequent  implemen- 
tation of  the  technical  knowledge  derived  from  the  R&D  effort.  In  one 
circumstance,  the  pacing  item  might  be  the  rate  at  which  refineries 
could  be  built  or  adapted  to  refine  synthetic  crude  oils  into  jet 
fuels  with  specifications  similar  to  those  in  use  today,  in  which  case 
only  modest  refinements  to  Air  Force  jet  engines  might  be  required. 

In  another  circumstance,  if  the  results  of  the  R&D  program  dictated 
that  synthetic  jet  fuels  would  of  economic  necessity  have  characteris- 
tics different  from  those  in  use  today,  then  the  major  pacing  item 
might  be  the  time  required  to  develop  and  install  new  engines  in  the 
Air  Force  fleet. 

For  the  latter  case,  even  if  engines  procured  as  early  as  1985 
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possessed  a multifuel  capability,  it  would  probably  be  2005  before 
most  of  the  fleet  could  be  converted  (giving  an  average  conversion  date 
of  1995).  Since  an  in-depth  analysis  of  the  conversion  problem  is  not 
included  in  the  present  analysis,  we  will  simply  assume,  for  present 
purposes,  that  the  average  conversion  date  is  1995.  We  recognize,  of 
course,  that  actual  conversion  dates  would  depend  upon  the  technical 
difficulty,  as  well  as  economic  considerations. 

According  to  the  assumption  of  an  average  fleet  conversion  in 
1995,  the  Air  Force  would  commence  accrual  of  cost  avoidances  attribut- 
able to  the  multifuel  propulsion  capability  in  1995,  as  illustrated  on 
the  top  of  Fig.  41  (the  top  curve  in  Fig.  41  is  simply  the  difference 
between  the  two  curves  in  Fig.  40).  We  observe  that,  around  the  turn 
of  the  century,  the  approximate  savings  would  be  about  $400  million 
per  year.  On  a cumulative  basis,  that  would  amount  to  nearly  $12  bil- 
lion (1974  dollars)  over  the  period  1995  to  2020  (note  that  this  is 
almost  one-half  of  the  Air  Force's  current  annual  budget).  The  dis- 
counted present  value  of  that  stream  of  cost  avoidances  is  illustrated 
in  the  bottom  third  of  Fig.  41.  Even  with  a 10  percent  discount  rate 
applied  to  uninflated  dollars,  the  1980  present  value  of  the  savings 

k 

stream  from  1995  to  2020  amounts  to  $1  billion. 

The  $1  billion  (1974  dollars)  1980  present  value  benefit  prjvides 
a tentative  answer  to  the  question  of  what  it  might  be  worth  (from  an 
economic  standpoint)  for  the  Air  Force  to  possess  a multifuel  propul- 
sion capability  by  the  turn  of  the  century.  Thus,  if  it  was  felt  that 
such  a capability  could  be  obtained  for  a total  cost  having  a 1980 

k 

Over  the  years,  it  has  been  the  accepted  standard  practice  in 
the  Office  of  Management  and  Budget  (0MB)  to  use  a 10  percent  annual 
discount  rate  on  an  uninflated  dollar  stream  when  making  comparisons 
between  program  alternatives  (e.g.,  no  multifuel  program  versus  a multi- 
fuel  program).  Of  course,  the  real  interest  paid  on  long-term  treasury 
notes  is  closer  to  5 percent.  Thus,  part  of  the  10  percent  discount 
frequently  used  by  0MB  contains  a margin  against  uncertainty.  That  is 
to  say  there  is  some  possibility  that  the  program  will  not  achieve  its 
original  goals.  (Simply  as  a point  of  arithmetic  interest,  the  1980 
present  value  with  a 5 percent  discount  rate  would  amount  to  $3  billion 
(1974  dollars).)  The  discounted  present  value  is  stated  relative  to 
1980,  because  that  is  the  year  in  which  we  expect  that  major  R&t'  ex- 
penditures to  develop  a multifuel  propulsion  capability  might  be  ini- 
tiat ed . 
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Fig.  41 — Cost  avoidance  attributable  to  a multifuel  capability 

present  value  of  less  than  $1  billion  in  1974  dollars,  then  the  pro- 
gram could  be  justified  on  economic  grounds  (questions  of  enhanced 
military  flexibility  not  considered). 

The  outstanding  question  at  the  present  time  is  whether  the  1980 
present  value  of  the  expenditures  required  to  achieve  a multifuel  pro- 
pulsion capability  would  be  less  than  the  $1  billion  benefit.  While 
presently  available  information  is  not  adequate  to  make  an  overall 
assessment  of  the  Air  Force  expenditures  that  would  be  necessary  to 
achieve  a multituel  capability,  we  can  note  that  one  component  of  mul- 
tifuel R&D  would  likely  be  an  engine  technology  demonstrator  program 
to  determine  possible  engineering  changes  that  would  be  required  to 
burn  synthetic  jet  fuels  in  military  engines.  This  type  of  KMJ  rarely 
costs  more  than  $50  million--a  fairly  modest  expenditure  when  compared 
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with  the  possible  benefits.  ' Recognize  that  if  new  engines  are  re- 
quired, the  cost  of  acquiring  the  capability  would  include  not  only  the 
R&D  cost,  but  also  any  incremental  acquisition,  procurement,  and  opera- 
tions costs.  However,  as  long  as  the  incremental  acquisition  and 
procurement  costs  are  reasonably  small,  they  may  not  have  much  effect 
because  they  would  be  incurred  during  the  1990s  and  thus  at  a 10  per- 
cent discount  rate  would  be  considerably  discounted.  A reasonable 
first-order  assumption  might  be  that  the  R&D  costs  would  dominate  the 
present  value  of  the  cost  of  acquiring  the  multifuel  propulsion  capa- 
bility. 

Cost  of  Deferring  the  R&D  Program 

One  question  that  frequently  arises  in  the  evaluation  of  an  R&D 
program  is  whether  the  program  can  be  deferred  a few  years,  or  whether 
the  initial  level  of  effort  can  be  reduced.  The  dashed  curves  in 
Fig.  41  can  be  used  to  develop  some  insight  about  the  value  of  time  for 
this  particular  R&D  program.  For  example,  if  w*e  make  the  assumption 
that  a ten-year  delay  in  the  R&D  program  corresponds  to  a ten-year  delav 
in  the  implementation  of  the  multifuel  capability  then  the  benefit 
stream  shown  at  the  bottom  of  Fig.  41  simply  shifts  downward  an  amount 
equal  to  the  benefit  that  would  be  forgone  during  the  first  ten  years 
(i.e.,  $0.6  billion). 

In  effect,  we  have  assumed  that  a ten-year  delay  in  the  R&D  pro- 
gram would  cause  the  average  fleet  conversion  date  to  slip  by  ten 
years,  from  1995  to  2005.  This  ten-year  slip  would  cost  $0.6  billion 
in  cost  avoidances  that  would  not  be  accrued.  Thus  the  "cost"  (in 
1980  present  value  terms)  of  a ten-year  shift  in  the  program  could 
amount  to  $600  million  (1974  dollars),  or  $60  million  per  year. 

This  analysis  (and  the  associated  assumptions)  suggest  that  the 
Air  Force  should  be  willing  to  spend  up  to  $1  billion  (1974  dollars, 

1980  present  value,  10  percent  discount  rate)  to  acquire  a multifuel 
propulsion  capability  and  that  the  cost  oi  slipping  the  acquisition  of 
such  a capability  bv  ten  years  could  amount  to  $0.6  billion  (1974 
dollars,  1980  present  value,  10  percent  discount  rate).  One  inter- 
pretation of  these  results  is  that  it  would  not  be  unreasonable  to  in- 
vest several  tens  of  millions  of  dollars  per  year  in  the  early  1980s 


-112- 


to  acquire  this  capability.  Such  an  investment  in  the  early  1980s 
probably  warrants  an  investment  in  the  late  1970s  of  several  million 
dollars  per  year  in  preparation  for  the  1980s  program.  One  of  the 
early  obiectives  of  this  research  should  be  to  assess  what  the  total 
cost  of  developing  and  procuring  a multifuel  capability  would  be.  Such 
an  assessment  should  be  accomplished  by  the  end  of  the  1970s  prior  to 
an  escalation  of  the  investment  rate  in  the  early  1980s. 

The  results  and  discussion  presented  thus  far  have  been  based  on 
the  ERDA  synthetic  fuels  scenario  and  the  nominal  assessment  of  the 
domestic  energy  resource  base,  and  the  nominal  assessment  of  the  import 
price  for  crude  oil.  We  will  now  examine  the  sensitivity  of  the  1980 
present  value  benefit  to  alternative  national  energy  policies,  alter- 
native assessments  of  domestic  crude-oil  reserves,  and  alternative 
assessments  of  the  future  import  price  for  crude  oil  (e.g.,  see 
Fig.  35). 

SENSITIVITY  TO  OTHER  SCENARIOS 

Since  it  is  impossible  to  accurately  predict  the  future  course  of 
national  energy  policy,  the  discovery  of  domestic  crude-oil  resources, 
and  the  trend  in  the  import  price  for  crude  oil,  it  is  essential  that 
the  results  of  the  previous  section  be  examined  in  the  context  of  a 
wide  range  of  alternative  scenarios.  To  do  this,  we  utilized  a model v ' 
that  would  dynamically  simulate  the  evolution  of  the  entire  U.S.  energy 
system.  Because  of  the  efficient  character  of  that  model,  we  have  been 
successful  in  exploring  a wide  range  of  alternative  national  energy 
policies,  including  virtually  all  of  the  new  technology  elements  of  the 
three  ERDA  energy  R&I)  planning  scenarios^'7''  and  the  five  resource 
cases  indicated  in  Fig.  34. 

We  will  discuss  only  those  scenarios  that  turned  out  to  be  most 
relevant  with  respect  to  their  impact  on  the  results  of  the  previous 
section.  These  scenarios  can  be  described  in  terms  of  the  ERDA  synfuels 
scenario  and  two  parameters:  the  imported  oil  price  and  the  assessment 

of  the  crude-oil  and  natural  gas  resources  case.  The  two  sets  of 
assessments  for  these  parameters  yield  the  nine  resource  cases  depicted 
in  Fig.  42. 


-113- 


PR0BA6IL ITY  01  OCCURRENCE 


ASSESSMENT  OF  DOMESTIC  CRUDE 
OIL  AND  NATURAL  GAS  RESERVES 
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Fig.  42 — Sensitivity  of  cost  avoidance  to  al ternati ve  scenarios 
(probabilities  taken  from  Ref.  29) 

The  nominal  result  already  obtained  for  the  1980  present  value 
benefit  is  for  nominal  imported  oil  price  and  for  a nominal  assessment 
of  domestic  crude-oil  reserves.  With  the  high  imported  oil  price  assess- 
ment, the  benefit  is  nearly  doubled,  whereas  with  the  low  imported  oil 
price  assessment,  there  is  no  benefit  when  expressed  in  1980  present 
value  terms.  Thus,  if  the  OPEC  cartel  collapses  and  the  low  imported 
price  scenario  is  realized,  it  will  be  more  economical  to  continue  to 
procure  a jet  fuel  from  crude  oil  than  from  oil  shale  or  coal  well 
into  the  next  century. 

The  current  assessment  of  the  experts  who  participated  in  the  SRI 

decision  analysis  is  that  there  is  a 0.5  probability  of  the  low  imported 

(29) 

oil  price  scenario  occurring.  Given  that  probability,  there  then 

is  a 50  percent  chance  that  the  Air  Force  would  accrue  no  economic 
benefit  from  a multifuel  engine  technology  capability  (which  would 
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obviously  cost  something  to  develop  and  procure).  On  the  other  hand, 
there  is  a 0.25  probability  that  the  high  imported  oil  price  scenario 
will  occur,  in  which  case  the  1980  present  value  benefit  of  the  multi- 
fuel engine  technology  capability  would  be  nearly  $1.9  billion.  By 
multiplying  the  expected  benefit  in  each  cell  in  Fig.  42  by  the  prob- 
ability (appearing  in  brackets),  we  find  that  the  expected  cost  avoid- 
ance, on  a probabilistic  basis,  would  be  $0.7  billion  in  1980  present 
value  (1974  dollars). 

It  is  curious  to  note  that  the  benefit  appears  to  be  insensitive 
to  the  assessment  of  domestic  crude-oil  and  natural  gas  reserves. 

This  is  because  the  crude-oil  resource  cost  (Fig.  37)  is  driven  by  the 
world  price  of  oil  until  the  year  2020.  The  reason  for  including  an 
assessment  of  domestic  crude-oil  reserves  as  a sensitivity  parameter 
will  become  apparent  when  we  take  up  the  subject  of  marketplace  pres- 
sures . 

From  this  sensitivity  assessment,  we  conclude  that  there  is  a 
definite  possibility  that  the  Air  Force  might  accrue  no  benefit  between 
1995  and  2020  from  a multifuel  propulsion  capability  and,  in  fact, 
could  suffer  a loss  (that  being  the  cost  of  the  R&D  and  any  incremental 
procurement  and  operating  costs).  However,  we  also  conclude  that, 
based  on  a probabilistic  treatment  of  a wide  range  of  alternative  sce- 
narios, the  expected  1980  present  value  benefit  ($0.7  billion)  is  quite 
close  to  the  result  of  the  nominal  case. 

MARKETPLACE  "PRICE  PRESSURES” 

A potentially  significant  limitation  of  the  analysis  thus  far 
stems  from  our  deliberate  avoidance  of  marketplace  price  mechanisms, 
except  when  treating  the  resource  cost  for  crude  oil,  where  it  was 
assumed  that  the  domestic  crude-oil  price  would  be  set  by  the  import 
price.  One  way  of  making  a preliminary  assessment  of  the  potential 
marketplace  "price  pressure"  is  to  consider  the  market  share  that 
peacetime  Air  Force  jet  fuel  consumption  would  represent  if  the  Air 
Force  continued  to  procure  only  a crude-oil-derived  jet  fuel. 

For  example,  recall  that  Fig.  36  showed  that  the  annual  consump- 
tion of  crude  oil  was  virtually  eliminated  by  about  2020,  as  evidenced 
by  the  flat  slope  of  the  cumulative  consumption  curve  for  domestic 
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crude  oil.  If  the  Air  Force  were  to  persist  in  using  only  crude  oil 
as  a jet  fuel  source,  then  it  might  be  virtually  the  last  crude-oil 
consumer  in  the  market.  Such  an  independent  posture  could  potentially 
leave  the  Air  Force  vulnerable  to  price- gouging  by  suppliers.  Further- 
more, since  Air  Force  peacetime  jet  fuel  needs  are  only  one-half  to 
one-quarter  those  that  might  be  required  during  a wartime  situation, 
the  Air  Force  could  pay  a significant  economic  penalty  during  peace- 
time for  the  underutilization  of  the  crude-oil  refiner's  capacity. 

The  marketplace  posture  of  the  Air  Force  could  begin  to  deterio- 
rate as  soon  as  significant  synthetic  fuel  production  capacity  began 
being  developed.  For  example,  if  the  other  jet  fuel  consuming  members 
of  the  aviation  sector  were  among  the  first  users  of  crude-oil-based 
products  to  switch  to  synthetic  fuels,  the  Air  Force  might  then  be  the 
only  jet  fuel  consumer  that  did  not  have  the  flexibility  to  use  a jet 
fuel  derived  from  synthetic  fuels.  Of  course,  there  is  no  way  of 
knowing  today  whether  the  aviation  sector  will  be  one  of  the  first  to 
switch. 

However,  it  is  relevant  to  note  that  the  commercial  airlines  might 
be  able  to  switch  more  rapidly  than  the  Air  Force  because  of  the  shorter 
average  engine  life  (calendar  life)  due  to  higher  annual  utilization 
levels.  Thus,  it  is  conceivable  that  as  soon  as  there  is  a significant 
synthetic  fuel  production  capability,  the  Air  Force  may  begin  to  ex- 
perience marketplace  "price  pressures"  which  could  drive  up  the  price 

that  the  Air  Force  pays  for  jet  fuel  beyond  the  production  cost  pro- 

* 

jections  in  Fig.  39. 

To  assess  the  interval  of  time  over  which  the  Air  Force  can  expect 
the  onset  of  marketplace  "price  pressures,"  we  will  consider  two  ex- 
treme cases:  (1)  the  U.S.  commercial  aviation  sector  is  the  first  to 


We  recognize  that  there  is  an  alternative  view  of  market  behavior 
that  runs  counter  to  this  argument;  however,  the  consequences  are  no 
less  foreboding  to  the  Air  Force.  The  alternative  view  is  that  if 
commercial  aviation  were  also  to  persist  in  using  jet  fuels  from  crude 
oil,  the  increased  competition  for  the  diminishing  resource  could  re- 
sult in  a bidding  contest  for  available  jet  fuel  supplies,  in  which 
case  a greater  economic  penalty  might  be  involved  than  if  the  Air  Force 
were  the  only  user  of  jet  fuels  derived  from  crude  oil.  In  either 
case,  an  Air  Force  policy  of  relying  solely  on  jet  fuels  from  crude 
oil  could  place  it  in  an  awkward  negotiating  posture. 
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switch  to  synthetic  jet  fuels,  and  (2)  the  U.S.  commercial  aviation 

sector  is  the  last  to  switch  to  synthetic  jet  fuels  (see  the  bottom 

of  Fig.  43).  This  switching  process  can  be  viewed  in  terms  of  the  per- 
i 

centage  of  the  annual  jet  fuel  production  that  still  comes  from  crude 
' oil.  For  example,  Fig.  43  shows  that  in  the  scenario  where  the  avia- 

tion fuel  sector  aggressively  pursues  a switch  to  synthetic  fuels,  the 
switch  could  commence  as  early  as  1935  and  be  completed  by  the  year 

| 

' 2000.  Of  course,  there  is  some  question  about  whether  the  engine 

technology  could  be  made  available  as  early  as  1985. 


Fig,  43 — Air  Force  share  of  U„S.  consumption  of  jet  fuel 
produced  from  crude  oil  during  peacetime 


If  the  aviation  sector  commences  a switch  to  synthetic  fuels 
1985,  then  the  Air  Force  could  begin  to  experience  market  price  p 
sures  as  early  as  1990,  based  upon  an  assumed  wartime  consumption 
of  four  times  the  current  peacetime  consumption  rate  (Fig.  44). 
can  be  seen  in  Fig.  44  by  observing  when  the  Air  Force's  wartime 
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Fig.  44 — Air  Force  share  of  U..S.  consumption  of  jet  fuel  produced  from  crude  oil 

requirement  curve  goes  to  100  percent  of  the  production  of  crude-oil- 
derived  jet  fuel.  The  Air  Force  jet  fuel  consumption  curve  declines 
with  time  on  a percentage  basis  because  we  have  assumed  that  the  Air 
Force  consumption  remains  constant  while  the  commercial  sector's  con- 
sumption continues  to  grow  at  a 4 percent  rate  (per  the  ERDA  synfuels 
scenario)  . The  ERDA  assessment  of  commercial  aviation  fuel  con- 
sumption may  be  on  the  high  side  in  light  of  recent  airline  experience  ) 

and  the  projected  introduction  of  fuel-conservative  aircraft  in  the 
1990  time  period.  However,  these  considerations  do  not  change  the 
central  thrust  of  the  present  analysis,  and  therefore,  for  the  sake  of 
consistency,  we  have  retained  the  ERDA  assumptions. 

If  the  aviation  sector  is  the  last  to  switch  to  synthetic  fuels, 
we  observe  that  the  Air  Force  must  switch  by  the  year  2018  simply 
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because  beyond  that  time  there  will  not  be  sufficient  capacity  on  line 
to  supply  the  assumed  wartime  requirement.  However,  waiting  until  2018 
is  probably  not  advisable  on  other  grounds  because  the  Air  Force  can 
consume  from  two  to  four  times  as  much  fuel  during  wartime  than  in 
peacetime.  The  analysis  of  Sec.  Ill  indicated  that  there  can  he  a 
cost  penalty  associated  with  underutilizing  fuel  production  capacity 
during  peacetime. 

The  principal  point  to  be  made  from  Fig.  44  is  that  the  Air 
Force's  marketplace  posture  could  become  increasingly  more  vulnerable 
due  to  the  switching  of  other  sectors  to  synthetic  fuels  during  the 
period  1990  to  2018.  The  sensitivity  of  this  result  to  other  relevant 
scenarios  is  summarized  in  Fig.  45.  The  results  in  Figs.  43  and  44 
are  for  the  nominal  imported  oil  price  and  the  nominal  assessment  of 
domestic  crude-oil  reserves.  The  most  threatening  combination  of  sce- 
narios is  found  in  the  lower  left-hand  corner  of  the  matrix  in  Fig.  45. 
It  appears  that  if  the  low  assessment  of  domestic  crude-oil  reserves 
is  realized,  and  if  the  high  imported  oil  price  scenario  is  realized, 
then  the  Air  Force  could  expect  marketplace  "price  pressures"  to  de- 
velop in  the  1990  to  2008  time  period.  Fortunately,  however,  current 
expert  opinion  is  that  there  is  only  a 0.05  probability  of  this  out- 
come. Yet,  the  probability  that  marketplace  price  pressures  will  com- 
mence in  the  period  1990  to  2018  has  been  estimated  to  be  0.45.  Thus, 
there  does  appear  to  be  almost  a 50  percent  chance  that  the  Air  Force 
will  be  in,  at  best,  an  awkward  marketplace  negotiating  posture  at  the 
turn  of  the  century  if  it  does  not  possess  a multifuel  propulsion  capa- 
bility. 

UBSKKVA 1 IONS 

Kventually,  there  will  be  a switch  from  crude-oi 1 -based  jet  fuels 
to  coal-  or  oil-shale-based  fuels.  This  will  probably  occur  sometime 
between  1990  and  2025.  The  switch  will  be  motivated  by  comparative 
economics  rather  than  by  the  total  lack  of  availability  of  crude-oil 
reserves.  There  will  still  be  significant  crude-oil  reserves  available 
at  the  time  the  switch  takes  place;  however,  the  cost  of  extracting 
these  reserves  will  be  such  that  crude  oil  will  no  longer  be  a viable 
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Fig.  45  — Air  Force  "period  of  critical  interest" 


alternative  to  the  long-term  availability  of  both  coal  and  oil  shale, 
with  their  relatively  low  extraction  costs. 

It  will  probably  be  easier  for  the  commercial  aviation  sector  to 
switch  to  a multifuel  or  synfuel  engine  technology  due  to:  (1)  shorter 
equipment  lives,  (2)  steady  consumption  levels,  (3)  less  stringent 
fuel  specifications,  and  (4)  fixed  route  structures.  Due  to  the  high 
cost  and  low  peacetime  utilization  levels  for  military  aviation  equip- 
ment, it  is  not  at  all  uncommon  for  equipment  to  be  in  the  inventory 
for  20  to  25  years.  Commercial  airlines,  however,  generally  plan  on 
a 12  to  15  year  equipment  life.  As  an  example,  compare  the  current 
fleet  of  KC-135  tanker  aircraft  that  still  operate  on  turbojet  engines 
and  the  commercial  airline's  707.  (The  707  is  of  the  same  family  as 
the  KC-135.)  Virtually  all  of  the  old  turbojet -powered  707s  have  been 
either  retired  or  retrofitted  with  more  efficient  turbofans.  However, 
the  high  cost  of  such  an  engine  retrofit  has  prevented  the  Air  Force 
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from  affording  such  a luxury  for  the  KC-135  fleet.  Many  of  the  KC-135s 
that  were  procured  in  the  1960s  will  probably  be  inventory  aircraft 
well  into  the  late  1980s. 

The  nonsteady-state  nature  of  Air  Force  fuel  consumption  require- 
ments is  a special  problem  that  is  not  experienced  by  the  commercial 
aviation  sector.  The  surge  in  Air  Force  wartime  fuel  consumption 
could  amount  to  more  than  300  percent  of  the  peacetime  consumption 
level  in  a high-intensity  conflict.  The  Air  Force  also  must  require 
a much  more  stringent  set  of  specifications  for  the  fuels  used  by  its 
combat  aircraft.  For  example,  while  the  commercial  airlines  might  not 
be  unduly  concerned  about  a moderate  increase  in  the  aromatic  content 
of  their  jet  fuels,  it  could  be  a significant  concern  to  the  Air  Force 
because  it  might  significantly  increase  the  visual  and  infrared  sig- 
natures of  engine  exhausts,  thereby  reducing  the  survivability  of  the 
Air  Force  aircraft  in  a combat  environment.  Finally,  the  airlines 
enjoy  a fixed  route  structure,  whereas  the  Air  Force  must  be  able  to 
respond  worldwide.  All  of  these  issues  tend  to  suggest  that  the  prob- 
lem of  switching  fuels  might  be  much  more  significant  for  the  Air  Force 
than  for  the  commercial  airlines  and  therefore  would  probably  include 
other  than  simple  economic  considerations. 

A NASA-developed  engine  technology  for  subsonic  commercial  air- 
craft might  well  focus  exclusively  on  economic  issues  to  which  the 
airlines  are  most  sensitive.  This,  however,  might  be  entirely  in- 
appropriate for  the  Air  Force.  In  particular,  observe  that  there  is 
still  some  sentiment  within  NASA  that  the  most  economic  solution  for 
the  commercial  airlines  is  to  adopt  liquid  hydrogen  as  the  jet  fuel 
of  the  future.  The  results  of  Sec.  Ill  indicate  that  liquid  hydrogen 
is  an  unacceptable  fuel  alternative  for  the  Air  Force  (except,  perhaps, 
for  specialized  missions). 

The  present  value  benefit  of  a multifuel  propulsion  capability 
for  the  Air  Force  is  probably  worth  about  $1  billion  (1974  dollars) 
in  1980  present  value  terms.  The  cost  of  deferring  the  implementation 
of  such  a technology  for  five  years  would  probably  cost  the  Air  Force 
about  one-third  of  a billion  dollars  (1974  dollars)  in  1980  present 
value  terms.  Notwithstanding  the  arguments  of  some  individuals,  that 
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liquid  hydrogen  is  the  most  economical  future  jet  fuel  for  the  commer- 
cial airlines,  we  tend  toward  the  opinion  that  some  form  of  a multi- 
fuel propulsion  capability  would  also  well  suit  the  needs  of  the 
airlines.  If  the  airlines  were  to  adopt  such  an  engine  technology  in 
lieu  of  relying  solely  on  crude  oil  as  the  energy  source  for  future 
jet  fuels,  the  1980  present  value  benefit  to  the  commercial  aviation 
industry  could  be  from  $4  to  $10  billion,  depending  upon  market  growth 
and  the  outcome  of  the  NASA  fuel-conservative  aircraft  program.  Fur- 
thermore, the  sheer  magnitude  of  commercial  aviation's  jet  fuel  con- 
sumption (perhaps  4 to  10  times  that  of  the  Air  Force  at  the  turn  of 
the  century)  indicates  that  any  delay  in  their  transition  to  a multifuel 
capability  could  result  in  an  economic  loss  greater  than  any  the  Air 
Force  might  experience  from  postponing  the  transition,  despite  the 
fact  that  they  might  be  able  to  effect  the  transition  in  a shorter  time 
period . 

Since  the  commercial  aviation  sector  stands  to  lose  much  more  than 
the  Air  Force  in  terms  of  the  aggregate  economic  impact,  it  is  quite 
reasonable  to  ask  why  the  Air  Force  should  develop  a multifuel  propul- 
sion capability  when  obviously  the  commercial  aviation  sector  has  much 
more  at  stake.  Would  it  not  be  more  reasonable  for  NASA  to  develop 
such  a technology?  However,  as  we  indicated  previously,  it  is  not 
clear  at  this  point  that  a NASA-sponsored  solution  for  the  commercial 
aviation  sector  would  be  at  all  suitable  for  the  more  stringent  re- 
quirements that  the  Air  Force  is  likely  to  have.  If  the  Air  Force 
were  to  acquire  a significant  lead  in  R&D  in  this  general  area,  some 
advantage  might  be  realized  in  subsequent  negotiations  with  NASA  over 
future  cooperative  R&D  efforts. 
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V.  CONCLUSIONS 


United  States  supplies  of  economically  recoverable  crude  oil  are 
rapidly  being  depleted.  While  the  United  'States  still  has  a signifi- 
cant resource  base  of  crude  oil,  those  resources  will  be  extractable 
in  the  future  only  at  costs  considerably  greater  than  those  prevalent 
today.  As  the  largest  DoD  consumer  of  jet  fuel  derived  exclusively 
from  crude  oil,  the  Air  Force  faces  a major  problem  today  and  in  the 
future . 

This  report  has  focused  on  some  of  the  technological  options  that 
might  tend  to  reduce  Air  Force  jet  fuel  consumption  in  the  short  term 
and  perhaps  ultimately  lessen  or  eliminate  total  Air  Force  reliance 
on  crude-oil-based  jet  fuels  in  the  future.  Our  findings  indicate 
that  the  Air  Force  propensity  for  keeping  aircraft  in  the  fleet  over 
very  long  life  cycles  (15  to  20  years  or  more)  works  to  their  disadvan- 
tage when  it  comes  to  adopting  cost-effective  measures  for  saving  jet 
fuel  in  the  short  term  and  exacerbates  planning  for  the  long  term  when 
jet  fuels  may  be  derived  from  domestic  energy  resource  alternatives 
to  crude  oil. 

In  the  short  term,  retrofitting  high-fuel-consuming  Air  Force  air- 
craft with  new  turbofan  engines  appears  to  be  a highly  energy-efficient 
measure;  however,  because  of  the  high  procurement  costs  for  new  engines, 
the  low  level  of  peacetime  flying,  and  the  advanced  age  of  the  air- 
craft at  the  conclusion  of  the  retrofit  program  (average  ages  on  the 
order  of  15  years  or  more) , savings  in  jet  fuel  expenditures  would  not 

be  adequate  to  offset  the  costs  of  the  modification,  even  with  fuel 

* 

prices  significantly  higher  than  those  prevailing  today. 


This  conclusion  is  based  on  a comparison  of  engine  retrofit  costs 
and  the  fuel  cost  savings  experienced  by  an  entire  fleet  of  retrofitted 
aircraft.  We  have  not  considered  the  case  in  which  enhanced  capability 
offered  by  the  new  engines  is  used  to  allow  retirement  of  a portion  of 
the  fleet,  which  could  also  offer  cost  reductions.  Or  conversely,  one 
could  attach  a monetary  value  to  possible  enhancements  in  capability 
(e.g.,  greater  range)  of  an  entire  fleet  undergoing  an  engine  retro- 
fit. 
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For  much  the  same  reason,  most  of  the  proposed  aerodynamic  modi- 
fications, while  saving  energy  do  not  appear  to  offer  the  potential  of 
full  cost  recovery  through  savings  in  jet  fuel  expenditures.  One  pos- 
sible exception  to  this  conclusion  is  an  aerodynamic  modification  to 
the  C-141A,  in  which  it  might  be  possible  for  costs  to  be  fully  re- 
covered, depending  on  the  ultimate  cost  of  the  modification  and  the 
service  life  of  the  aircraft.  In  general,  costs  may  he  fully  recover- 
able through  savings  in  jet  fuel  expenditures  if  modest  aerodynamic 
modifications  are  accomplished  early  in  the  life  cycle  of  the  aircraft. 
Unfortunately,  most  of  the  major  fuel-consuming  aircraft  in  the  Air 
Force  fleet  are  well  along  in  their  life  cycle. 

What  then  are  the  long-term  prospects  for  reducing  the  Air  Force's 
reliance  on  crude-oil-based  fuels,  given  that  short-term  technological 
modifications  do  not  appear  particularly  attractive?  National  energy 
policies,  and  in  particular  the  R&D  policies  of  ERDA,  will  have  a major 
impact  on  the  availability  of  synthetic  fuels  for  Air  Force  use  in  the 
future.  Our  research  results  indicate  that  there  is  a strong  likeli- 
hood that  a major  coal  and  oil-shale  synthetic  fuels  industry  will 
develop  in  the  United  States  between  1990  and  2025,  and  that  the  switch 
from  crude-oil-based  aviation  fuels  to  coal-  or  oil-based  fuels  in 
this  time  period  will  be  dictated  by  comparative  economics  rather  than 
by  a total  lack  of  availability  of  crude  oil.  Our  analysis  further 
indicates  that  the  most  desirable  jet  fuel  form  derivable  from  coal  or 
oil  shale  is  a synthetic  JP,  similar  to  but  not  necessarily  identical 
to  crude-oil-based  jet  fuels  in  use  today. 

If  tlie  Air  Force  is  to  exploit  the  availability  of  synthetic  jet 
fuels  in  the  future,  significant  R&I)  remains  to  he  accomplished  to 
fully  understand  the  implications  of  synthetic  jet  fuels  on  refinery 
operations  and  military  jet  engines  of  the  future.  Because  NASA- 
directed  R&D  on  synthetic  fuels  will  probably  focus  on  those  economic 
issues  about  which  the  airlines  are  most  concerned,  it  seems  likely 
that  at  least  part  of  the  synthetic  fuels  R&D  burden  will  have  to  be 
assumed  by  the  Air  Force,  a major  consumer  of  jet  fuels,  to  assure  a 
suitable  fuel  product  for  military  use. 

Since  the  life  cycle  through  which  a propulsion  technology 
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advancement  evolves  can  represent  a 25  to  50  year  time  period,  it  would 
seem  prudent  that  the  Air  Force  assign  a high  priority  to  this  research 
now.  This  research  should  have  as  a goal  the  determination  of  the 
proper  technical  and  economic  balance  between  synthetic  crude-oil  re- 
fining requirements  and  possible  changes  to  engines  to  accommodate 
synthetic  jet  fuels  such  that  fuels  derived  from  crude  oil,  oil  shale, 
and  coal  can  be  utilized  in  military  jet  engines  of  the  future.  One 
of  the  immediate  objectives  of  such  a research  program  should  be  to 
resolve  as  much  of  the  uncertainty  as  possible  about  the  ultimate  costs 
of  developing  and  implementing  a multifuel  propulsion  capability. 
Possession  of  the  capability  would  allow  procurement  of  the  least 
costly  fuel  alternative  in  the  aviation  fuel  marketplace  and  would 
lessen  the  Air  Force's  present  total  reliance  on  a single  resource 
(e.g.,  crude  oil)  for  its  jet  fuel  needs. 

The  1980  present  value  economic  benefit  between  1995  and  2020  of 
possessing  such  a capability  resulting  from  the  R&D  program  could 
amount  to  about  $1  billion  (1974  dollars) . If  the  foreign  oil  cartel 
were  to  break,  leaving  no  immediate  economic  stimulus  for  the  develop- 
ment of  a domestic  synthetic  fuels  industry,  any  economic  benefit  to 
the  Air  Force  between  1995  and  2020  would  be  postponed  such  that  the 
1980  present  value  benefit  would  be  negligible.  However,  in  this  cir- 
cumstance, crude-oil  imports  could  be  supplying  90  percent  of  U.S. 
crude-oil  needs  by  2020 — an  undesirable  situation  with  many  attendant 
national  security  and  economic  problems.  With  the  continuance  of  a 
strong  cartel,  and  the  development  of  a synthetic  fuels  industry  in 
the  United  States,  an  Air  Force  policy  of  relying  solely  on  crude  oil 
for  its  jet  fuel  needs  could  place  it  in,  at  best,  an  awkward  market- 
place negotiating  posture  by  the  turn  of  the  century.  Furthermore,  by 
the  time  other  energy  users  begin  shifting  to  coal  and  shale  oil,  crude 
oil  in  the  low  extraction  cost  category  will  have  been  depleted. 
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Appendix 

U.S.  ENERGY  RESOURCE  BASE 


The  material  contained  in  this  appendix  provides  supplementary 
and  background  information  to  the  overview  of  U.S.  domestic  energy 
resources  presented  in  Sec.  Ill,  following  the  same  categorization 
scheme  as  that  illustrated  in  Fig.  21.  The  material  on  coal  resources 
developed  in  this  appendix  was  used  to  identify  and  select  major  rep- 
resentative surface-  and  underground-mineable  coal  deposits  as  the 
resource  supply  points  for  the  analysis  of  a coal-based  jet  fuel  supply 
system. 

CARBONACEOU S_  NONRENEWABLE  ^ESJ3UR_CES 

Domestic  U.S.  carbonaceous  nonrenewable  energy  resources,  or  fossil 
resources,  consist  primarily  of  crude  oil,  natural  gas,  coal,  and  oil 
shale,  with  significantly  lesser  quantities  of  bituminous  tar  sands. 

By  virtually  any  estimate,  the  energy  embodied  in  U.S.  coal  resources 
dwarfs  that  of  any  other  fossil  energy  source  (Fig.  46).  Despite  this 
fact,  coal  supplies  less  than  20  percent  of  U.S.  energy  needs,  primarily 
because  petroleum  products  and  natural  gas  burn  cleaner,  are  far  easier 
to  handle  than  coal,  and  have  been  more  economical. 

Coal  Resource  Base 

The  USGS  groups  coal  resources  into  identified  resource  and  hypo- 
thetical resource  categories.  Identified  resources  are  those  which 
have  been  determined  on  the  basis  of  mapping  and  exploration.  The 
hypothetical  resources  are  determined  by  extrapolation  of  the  data  on 
identified  resources  into  unmapped  and  unexplored  areas.  The  identi- 
fied resources  are  subdivided  into  measured,  indicated,  and  inferred 
categories,  primarily  on  the  basis  of  the  spacing  of  the  points  of 
observation,  roughly  0.5,  1 to  1.5,  and  greater  than  2 miles,  respec- 
tively. Resources  are  further  subdivided  bv  depth  of  overburden  and 

4 e (83,84) 
the  coal  seam  thickness. 
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Fig.  46 — Recoverable  U.S.  fossil  resources  (from  Refs.  17  and  62) 


Using  this  categorization  scheme,  the  USGS  estimates  that  there 
are  about  1581  billion  tons  of  identified  coal  resources  remaining  in 
tht  ground  and  about  1643  billion  tons  in  the  hypothetical  category. 

The  categorization  of  the  identified  resources  according  to  seam  thick- 
ness and  reliability  of  the  resource  estimates  is  noted  in  Table  9. 
Measured  against  current  U.S.  coal  production  of  about  0.6  billion  tons 
per  year,  these  identified  resources  are  vast.  However,  far  less  than 
100  percent  of  the  in-place  coal  resources  are  amenable  to  mining  given 
today's  extraction  technology  and  economics.  For  example,  coal  in 
thin  beds  and  coal  in  beds  more  than  1000  feet  below  the  surface  are 
of  little  current  economic  interest.  The  USGS  considers  coal  within 
1000  feet  of  the  surface  in  seams  of  intermediate  thickness  as  a 
paramarginal  resource  which  will  be  of  increasing  economic  interest 
and  importance  in  the  future. 

The  U.S.  Bureau  of  Mines,  Department  of  Interior,  in  developing 
one  of  the  most  recent  estimates  of  the  demonstrated  U.S.  coal  reserve 
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Table  9 

IDENTIFIED  IN-PLACE  U.S.  COAL  RESOURCES 


Seam  Thickness 

Coal  Resources  (billions  of  tons) 

Measured 

Indicated 

Inferred 

Less  than  1000  ft  overburden 

Thin 

16 

95 

538 

Intermediate 

47 

142 

174 

Thick 

63 

126 

206 

Subtotal 

126 

363 

918 

Greater  than  1000  ft  overburden 

60 

114 

126 

423 

1032 

Total 

1581 

SOURCES:  Refs.  83  and  84. 

Thin,  intermediate,  and  thick  seam  bituminous  and  anthracite 
coal,  14  to  28  inches,  28  to  42  inches,  and  more  than  42  inches, 
respectively.  Thin,  intermediate,  and  thick  seam  subbituminous 
and  lignite  coal,  2.5  to  5 feet,  5 to  10  feet,  and  more  than  10 
feet,  respectively. 


base,  has  estimated  that  433  billion  tons  of  coal  are  amenable  to  min- 
ing, given  current  extraction  techniques  and  economics  (Table  10). 
However,  only  part  of  the  433  billion  tons  could  be  recovered  because 
of  the  manner  in  which  coal  is  typically  extracted.  Underground  mining 
in  the  United  States  is  normally  accomplished  using  the  room  and  pillar 
technique,  in  which  pillars  of  coal  are  left  in  the  mine  to  retard  sub- 
sidence. As  a consequence,  only  about  50  percent  of  the  in-place  coal 
is  recovered.  Longwall  mining,  not  yet  widely  used  in  this  country, 
in  which  controlled  collapsing  of  the  mine  roof  occurs,  offers  poten- 
tial recovery  rates  as  high  as  80  to  90  percent.  Surface  mining  is 
characterized  by  higher  recovery  rates,  typically  80  to  90  percent  of 
the  coal  in-place  is  recovered,  except  in  extreme  slopes.  If  the  50 
percent  recovery  rate  is  applied  to  the  underground-mineable  reserves, 
and  the  80  percent  rate  to  the  surface-mineable  reserves  noted  in 
Table  10,  the  total  economically  recoverable  reserves  would  amount  to 
257  billion  tons,  which  is  equivalent  to  about  a 428  year  reserve  life 
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Table 


10 


MINEABLE  IN-PLACE  COAL  RESERVE  BASE  OF  THE  UNITED  STATES 


Coal  Type 

In-Place  Coal  Reserves 
(billions  of  tons) 

Estimated 
Heat  Value 
(quadrillion  Btu) 

Underground 

Mineable 

Reserves 

Surface 

Mineable 

Reserves 

Total 

Bituminous 

192 

41 

233 

6100 

Subbituminous 

98 

67 

165 

2800 

Lignite 

— 

28 

28 

400 

Anthracite 

7 

7 

200 

Totals 

297 

136 

433 

9500 

SOURCE:  Ref.  69. 


at  current  rates  of  coal  production.  This  257  billion  tons  of  recover- 
able coal  constitutes  about  15  percent  of  the  total  id  'ntified  in-place 
resources,  and  about  8 percent  of  the  total  resources.  As  mapping  and 
exploration  better  define  the  substantial  coal  resources  included  in 
the  inferred  category  of  Table  9,  and  the  extent  of  the  hypothetical 
resources,  the  mineable  coal  resource  base  could  expand  appreciably. 

United  States  coal  resources  underlie  about  13  percent  of  the 
land  area  of  the  United  States  and  are  present  in  widely  varying 
amounts  in  parts  of  37  states.  Figure  47  shows  the  major  coal  fields 
of  the  48  contiguous  states  and  the  types  of  coals  found  in  each  region. 
An  approximate  distribution  of  coal  resources  by  region  is  shown  in 
Table  11.  The  eastern  region  of  the  United  States,  and  primarily 
Appalachia,  which  has  undergone  intensive  mining  in  the  past,  still 
has  significant  amounts  of  bituminous  coal  amenable  to  underground- 
mining techniques.  The  interior  region,  and  most  predominantly 
Illinois,  has  large  deposits  of  both  surface-  and  underground-mineable 
bituminous  coal.  The  northern  Great  Plains  states  have  vast  deposits 
of  both  underground-  and  surface-mineable  lignite  in  North  Dakota  and 
Montana.  The  Wyoming  Powder  River  Basin  has  large  deposits  of  surface- 
mineable  subbituminous  coal,  with  some  seams  90  feet  thick.  Surface- 
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mineable  subbituminous  coal  deposits  in  the  Rocky  Mountain  states  are 
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Fig.  47  — Distribution  of  U.S.  coal  resources  (from  Ref.  28) 

Table  11 

DISTRIBUTION  OF  U.S.  COAL  RESOURCES 


Location 

U.S.  Coal  Resources 
(billions  of  tons) 

Identified 

Hypothetical 

Total 

Eastern 

276 

45 

321 

Interior 

277 

259 

536 

Northern  Great  Plains 

695 

763 

1458 

Rocky  Mountains 

187 

395 

582 

Other 

146 

181 

327 

Totals 

1581 

1643 

3224 

SOURCE:  Ref.  28. 


primarily  located  in  northwestern  New  Mexico.  Alaskan  reserves  of 

primarily  suhbituminous , and  to  a lesser  extent  bituminous  coal,  ac- 

/ 2ft  'J 

count  for  the  bulk  of  the  remaining  reserves. 
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There  are  significant  differences  in  both  the  sulfur  content  and 
heat  content  of  U.S.  coals  in  the  different  regions.  The  subbituminous 
coal  and  lignite  deposits  in  the  Rocky  Mountain  and  northern  Great 
Plains  regions  have  the  great  virtue  of  being  low  in  sulfur  content, 
with  most  deposits  having  less  than  a 1 percent  sulfur  content.  Con- 
versely, the  bituminous  coal  deposits  in  the  Appalachian  and  interior 

coal  basins  are  characterized  by  their  high  sulfur  content,  with  about 

( ) 

one-quarter  of  the  deposits  containing  from  1 to  3 percent  sulfur. 

The  demands  of  the  electric  utility  industry  for  these  low  sulfur 
western  coals  could  directly  conflict  with  the  demands  of  a synthetic 
fuels  industry  for  the  more  economic,  surf ace-mineahle  western  coals. 

Although  the  western  coals  are  generally  low  in  sulfur,  the  lig- 
nite and  subbituminous  coal  resources  are  also  generally  lower  in  heat 
content,  which  means  that  more  coal  must  be  transported  and  processed 
to  deliver  a given  amount  of  energy  than  with  the  eastern  and  interior 
basin  bituminous  coals.  Table  12  gives  typical  heat  values  for  the 
different  coals. 

In  summary,  the  domestic  coal  resource  base  is  vast,  and,  as  a 
consequence,  has  the  potential  for  making  a significant  contribution 
to  energy  supplies  in  the  future.  The  primary  challenge,  it  seems, 
is  to  develop  the  coal  resource  base  in  an  environmentally  acceptable 
manner. 


Table  12 

HEAT  VALUE  OF  U.S.  COALS 


Coal  Type 

Anthracite 

Bituminous 

Subbituminous. . . 
Lignite 


Heat  Value 
(Btu/1 b ) 

13340  - 14930 
12000  - 15630 
8680  - 10760 
5900  - 7290 


SOURCE:  Ref.  83. 
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Oll-Shale  Resource  Base 

Oil  shale  is  a fine-grained  sedimentary  rock  containing  a solid 
organic  material  called  kerogen.  When  oil-shale  particles  are  heated, 
the  organic  matter  is  decomposed,  forming  oil  vapors  and  gases.  The 
oil  vapors  are  condensed  to  form  a syncrude  product  that  may  be  re- 
fined into  premium  fuel  products.  Oil  shale  is  usually  found  in  layers 

or  series  of  layers  sandwiched  between  other  layers  of  sedimentary 

f 28^ 

rock.  ' ' The  quality  of  the  deposits  is  described  by  the  average 

oil  yield  per  ton  of  shale.  Deposits  yielding  30  or  more  gallons  of 
oil  per  ton  of  shale  are  usually  considered  high  grade;  however,  the 
characterization  of  the  attractiveness  or  the  economic  recoverability 
of  a particular  deposit  is  very  dependent  on  the  technology  available 
to  extract  the  oil  from  the  shale.  The  thickness  of  the  shale  deposit 
is  another  important  factor  in  the  determination  of  its  recoverability. 
High-grade  deposits  are  characterized  by  a thickness  of  at  least  30 
feet,  with  many  high-grade  deposits  being  over  100  feet  thick. 

About  90  percent  of  all  the  identified  U.S.  oil-shale  resources 
are  located  in  the  Green  River  formation  in  western  Colorado,  Wyoming, 
and  Utah,  with  most  of  the  remaining  resources  located  in  the  central 
and  eastern  United  States  (Fig.  48).  Over  three-quarters  of  the  higher- 
grade  deposits  are  in  the  Piceance  Creek  Basin  northwest  of  Rifle, 
Colorado,  between  the  Colorado  and  White  Rivers. 

A categorization  of  U.S.  oil-shale  resources  according  to  their 
richness,  location,  and  degree  of  uncertainty  of  the  resource  estimate 
is  shown  in  Table  13.  Given  current  technology  and  the  uncertainties 
in  future  world  oil  prices,  the  only  resources  of  immediate  interest 
in  Table  13  are  the  identified  25  to  100  gallon  per  ton  deposits  in 
the  Green  River  formation.  While  these  resources  are  currently  classi- 
fied as  paramarginal  because  of  the  technological  and  economic  uncer- 
tainties associated  with  oil-shale  retorting  processes,  it  is  likely 
they  would  constitute  the  initial  resource  base  for  a synthetic  fuels 
industry  using  oil  shale. 

Recovery  rates  for  oil-shale  deposits  for  underground  and  surface 

(28  86 ) 

mining  have  been  estimated  to  range  from  40  to  65  percent.  *"  ’ 

If  a 50  percent  recovery  factor  is  applied  to  the  418  billion  barrel 
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Identif ied 

Hypothetical 

Speculat ive 

Location 

25-100 
Gallons 
per  Ton 

10-25 
Gallons 
per  Ton 

25-100 
Gal  Ions 
per  Ton 

10-25 
Gallons 
per  Ton 

25-100 
Gallons 
per  Ton 

10-25 
Gallons 
per  Ton 

Green  River  Formation 
(Colo.,  Wy.,  Utah) 

418 

1400 

50 

600 



Chattanooga  Shale 
equivalent  forma- 
tions (central  and 
eastern  United 
States) 

200 

800 

Marine  Shale 
(Alaska) 

— 

— 

250 

200 

-- 

— 

Other 

— 

— 

— 

— 

600 

2 3000 

Totals 

418 

1600 

300 

1600 

600 

23000 

SOURCE:  Ref.  85. 

NOTE:  Blanks  in  columns  indicate  that  only  negligible  quantities  of 

oil-shale  resources  exist  in  these  areas. 
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Bituminous  Tar  Sands  Resource  Base 

Tar  sands  are  a mixture  of  sand,  water,  and  bitumen,  a dense,  usu- 
ally black,  hydrocarbon  material,  which  is  too  viscous  to  be  extracted 

by  conventional  petroleum  recovery  methods.  Synthetic  crude  oil  is  i 

.« 

currently  being  commercial ly  produced  from  the  vast  Athabasca  tar  sand 

/ u o \ 4 

deposits  in  the  province  of  Alberta,  Canada.  It  is  estimated  that 

about  895  billion  barrels  of  proven  in-place  crude  bitumen  resources 
are  located  in  Alberta.  In  contrast,  the  United  States  is  far  less 

richly  endowed  with  tar  sand  deposits.  In-place  tar  sand  deposits  in 
Utah  are  estimated  to  contain  about  28  billion  barrels  of  bitumen, 

which  account  for  over  95  percent  of  U.S.  deposits.  !j 

None  of  the  Utali  deposits  are  considered  to  be  economically  re- 
coverable at  present.  The  Department  of  the  Interior  has  indicated 
that  in  15  to  30  years  it  may  be  feasible  to  begin  recovery  of  about 
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30  to  50  percent  of  U.S.  tar  sand  resources,  or  about  9 to  15  billion 
barrels  of  oil.  The  Bureau  of  Mines,  in  a far  more  conservative  esti- 
mate, considering  shallow  occurrences  only,  indicates  that  perhaps 
2.5  to  5.5  billion  barrels  of  oil  from  tar  sands  are  recoverable . 
Measured  against  the  vast  U.S.  resource  base  of  oil  shale,  coal,  and 
even  crude  oil,  and  the  time  frame  in  which  U.S.  tar  sands  might  be 
developed,  it  seems  unlikely  that  U.S.  tar  sands  will  ever  be  a large- 
scale  U.S.  energy  source. 

CARBONACEOUS  RENEWABLE  RESOURCES 

While  the  time  span  over  which  organic  matter  is  converted  into 
crude  oil,  natural  gas,  coal,  etc.,  is  measured  in  millions  of  years, 
energy  can  be  retrieved  from  organic  matter  stored  in  green  plants  and 
other  sources  on  essentially  a continuing  and  renewable  basis.  This 
organic  material  can  be  obtained  from  the  waste  material  that  is  a 
by-product  of  society's  production  and  consumption  of  goods  or  from 
so-called  "energy  crops"  grown  specifically  for  energy  production. 

Organic  waste  material  includes  manure  from  livestock,  plant  resi- 
due left  in  the  fields  after  normal  harvest  of  agricultural  products, 
industrial  wastes  from  vegetable  and  meat  processing  and  sawmil's, 
logging  wastes  in  the  form  of  branches  and  deadwood  left  in  the  forest 
after  saw  timber  has  been  removed,  urban  refuse,  and  municipal  sewage 
solids.  It  has  been  estimated  that  in  1971  about  880  million  tons  of 
dry  organic  wastes  were  generated,  perhaps  136  million  tons  of  which 
might  have  been  readily  collectible . 

The  energy  content  of  the  136  million  tons  of  wastes  would  be 
equivalent  to  roughly  only  2 percent  of  U.S.  energy  consumption  in 
1971.  As  a consequence,  it  seems  highly  unlikely  that  organic  waste 
products  will  ever  be  a significant  energy  source  for  a large  syn- 
thetic fuels  industry.  However,  the  conversion  of  these  wastes  to 
energy  has  proved  to  be  an  attractive  way  to  ameliorate  some  waste 
disposal  problems,  while  at  the  same  time  supplementing  energy  supplies 
in  selected  regional  applications. 

The  United  States  has  large  areas  of  arable  land  that  are  not  cul- 
tivated, perhaps  as  much  as  100  million  acres  of  fallow  crop  land  and 
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490  million  acres  of  grassy  pasture  land.  If,  to  use  a hypothetical 

and  perhaps  extremely  optimistic  example,  a crop  such  as  corn  (maize) 
yielding  5 dry  weight  tons  per  acre  per  year  with  a heat  content  of 
7200  Btu  per  pound  were  cultivated  on  all  this  land,  the  resulting 
energy  would  be  about  42  quadrillion  Btu,  or  about  58  percent  of  U.S. 
energy  consumption  in  1974.  Clearly,  it  is  extremely  unrealistic  to 
assume  that  all  the  acreage  could  be  planted;  nevertheless,  the  poten- 
tial energy  contribution  from  energy  crops  is  large.  Technological 
and  economic  uncertainties  will  have  to  be  resolved  before  the  poten- 
tial of  energy  crops  can  be  accurately  assessed. 

NONCARBONACECUS,  NONRENEWABLE  ENERGY  RESOURCES 


Geothermal  Energy 

When  the  normally  diffuse  heat  of  the  earth  is  concentrated  due 
to  local  geologic  conditions,  these  local  reservoirs  of  thermal  energy 
can  be  exploited  as  a source  of  energy.  The  only  major  commercial  ex- 
ploitation of  geothermal  steam  in  the  United  States  to  generate  elec- 
tricity thus  far  is  of  The  Geysers,  north  of  San  Francisco. 

Geothermal  resources  are  usually  grouped  into  three  categories: 

(1)  hydrothermal,  (2)  geopressurized , and  (3)  dry  hot  rock.  Hydro- 
thermal  reservoirs  consist  of  a heat  source  (magma)  overlain  by  a 
permeable  formation  (aquifer)  through  which  ground  water  circulates. 

The  aquifer  is  capped  by  an  impermeable  foundation  that  prevents  water 
loss.  The  energy  can  be  recovered  by  drilling  a well  to  transport  the 
water  and  steam  to  the  surface.  Hydrothermal  reservoirs  are  defined 
according  to  whether  hot  water  or  vapor  dominates  the  reservoir,  with 
vapor  dominated  reservoirs  being  the  most  commercially  attractive  but 
also  the  least  common. 

In  geopressurized  reservoirs  the  source  of  heat  is  not  magma  but 
rather  clays  in  a rapid  subsiding  basin  area,  which  trap  heat  in  water- 
bearing formations.  Dry  hot  rock  formations  are  characterized,  as  the 
name  implies,  by  the  lack  of  a permeable  aquifer.  As  a consequence, 
to  recover  the  heat  energy,  the  rock  must  be  fractured  and  water  in- 
jected . 
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Most  of  the  major  hydrothermal  reservoirs  are  located  in  the 

western  United  States.  About  one-third  of  the  known  geothermal  resource 

areas  are  in  California.  The  geopressur i zed  regions  are  concentrated 

(28) 

along  the  Texas  and  Louisiana  Gulf  Coast. 

Geothermal  resource  estimates  vary  widely  both  in  categorization 

(92) 

and  magnitude.  A 1972  USGS  document  indicates  that  about  10  quad- 

rillion Btu  of  energy  is  available  at  the  wellhead  in  identified  re- 
coverable reserves,  and  about  600  quadrillion  Btu  in  paramarginal  hot 

(93) 

water  systems.  Another  estimate  indicates  about  540  quadrillion 

Btu  at  the  wellhead  of  known  reserves,  with  18,000  quadrillion  Btu  of 
probable  reserves,  and  1.3  million  quadrillion  Btu  of  undiscovered  re- 
serves. These  estimates  should  be  tempered  by  the  realization  that 
characteristically  only  about  14  percent  of  the  energy  at  the  wellhead 
can  be  recovered  in  the  form  of  electricity  using  current  technology. 
Nevertheless,  when  compared  with  a total  U.S.  energy  consumption  of 
73  quadrillion  Btu  in  1974,  the  resource  base  is  definitely  sizable. 
Given  this  resource  base  and  the  proper  economic  and  technological 
climate,  geothermal  energy  has  the  potential  for  making  a meaningful 
contribution  to  the  electrical  generating  capacity  in  the  western 
United  States  by  the  turn  of  the  century. 


i 


Nuc.  1 ear  F i s si  on 

When  certain  heavy  atoms  are  bombarded  with  low-energy  neutrons, 
they  will  split  or  fission,  the  products  of  the  reaction  being  dissim- 
ilar atoms,  neutrons,  and  an  enormous  release  of  heat  energy.  The 
neutron  products  can  then  react  with  other  heavy  atoms  to  repeat  the 
reaction,  the  successive  repetition  of  this  process  being  termed  a 


chain  reaction.  Such  an  uncontrolled  chain  reaction  utilizing  the 
heavy  isotope  uranium-235  was  the  basis  for  the  first  atomic  bombs. 
When  the  chain  reaction  proceeds  in  a controlled  manner,  such  as  is 
the  case  in  today's  commercial  nuclear  reactors,  the  heat  released  in 
the  reaction  may  be  used  in  the  generation  of  electricity,  or  as  a 


y 


source  of  process  heat. 


Of  the  several  hundred  naturally  occurring  atomic  isotopes, 
uranium-235  is  the  only  one  that  is  spontaneously  fissionable  by  the 
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capture  of  slow  or  thermal  neutrons.  Accordingly,  the  initial  fuel  for 
all  energy  conversion  systems  based  on  the  fission  reaction  is  uranium- 
235.  The  element  uranium  exists  as  three  naturally  occurring  isotopes 
in  the  following  proportions:  99.28  percent  U-238,  0.71  percent  U-235, 

and  a trace  (less  than  0.01  percent)  of  U-234.  Most  of  the  uranium 
mined  in  the  United  States  exists  as  uranium  oxide,  commonly  termed 
yellowcake.  This  stable  oxide  of  uranium  is  commonly  used  as  the  yard- 
stick by  which  quantitative  measurements  of  uranium  reserves  are  esti- 
mated. For  every  ton  of  uranium  ore  mined,  perhaps  4 to  5 pounds  of 
uranium  oxide  can  be  extracted,  from  which  0.024  to  0.03  pounds  of 
U-235  can  be  obtained. 

Table  14  indicates  U.S.  uranium  oxide  resources  by  cost  and  ex- 
ploration status  as  determined  by  the  Preliminary  National  Uranium 

Resource  Evaluation  program.  Over  84  percent  of  the  proven  reserves 

f 2 8 ) 

are  located  in  New  Mexico  and  Wyoming.  The  present  uncertainty 

in  uranium  resource  estimates  has  stimulated  two  major  government  ura- 
nium resource  evaluation  programs,  one  sponsored  by  ERDA,  the  other 

(94) 

sponsored  by  the  USGS.  The  outcome  of  these  resource  evaluation 

programs  may  have  a major  impact  on  the  planned  expansion  of  the 
nuclear  industry  in  the  United  States  in  the  future. 

Of  course,  estimates  of  uranium  oxide  resources  have  little  mean- 
ing in  an  energy  assessment  unless  the  energy  potentially  and  practi- 
cally releasable  in  the  uranium  oxide  is  known.  The  energy  content 
realizable  from  uranium  oxide  is  very  dependent  on  the  technology  used 
to  effect  the  energy  release.  Today,  commercial  nuclear  power  plants 
use  light-water  reactors  that  consume  uranium-235  as  fuel.  The  amount 
of  energy  that  can  be  released  using  this  light-water  reactor  technology 
is  the  subject  of  considerable  debate,  with  estimates  varying  by  fac- 

(94) 

tors  of  seven  or  more.  ERDA,  in  its  "National  Plan  for  Energy 

Research,  Development,  4 Demonstration,"  estimates  that  each  short 
ton  of  uranium  oxide  can  be  converted  to  about  500  billion  Btu  of 
thermal  energy  when  light-water  reactor  technology  is  utilized,  assum- 
ing recovery  and  recycling  of  fissionable  plutonium  and  uranium  from 
spent  reactor  fuel  produced  by  the  fission  reaction,  and  an  assay  of 
0.2  percent  of  the  unrecovered  uranium-235  isotope  in  the  fuel  enrich- 
ment process.  Using  this  value,  the  identified  and  potential  uranium 

L ■- 
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Table  14 

PROJECTED  U.S.  URANIUM  RESERVES  AND  RESOURCES3 


Index  Cost'3 

($/short  ton  uranium  oxide) 

Uranium  Oxide  Resources 
(thousands  of  short  tons  as  of  9/74) 

Q 

Identified 

Potential 

(Undiscovered) 

Total 

8 

280 

540 

820 

8-15 

240 

1010 

1250 

15-30 

180 

1200 

1380 

700 

2750 

1 

3450 

SOURCE:  Personal  communication  with  ERDA-Cermantown  personnel, 

summer  1975. 


aDoes  not  include  possible  concentrations  in  Chattanooga  shales, 
depleted  uranium  tails,  or  by-products  of  copper  ore  leach  solu- 
tions, phosphoric  acid  production,  or  coal  gasification. 

^Does  not  include  profit,  interest  on  capital,  or  other  owner- 
ship costs.  Does  not  necessarily  represent  open-market  prices, 
c 

Includes  measured,  indicated,  and  inferred  resources.  Eight 
dollars/short  ton  identified  reserves  are  reported  to  be  economi- 
cal in  1974.  Eight  to  thirty  dollars/short  ton  resource  are 
reportedly  not  yet  economical. 

^Includes  probable,  possible,  and  speculative  resources. 


oxide  energy  resources  noted  in  Table  14  would  represent  about  1725 
quadrillion  Btu,  or  about  60  percent  more  energy  than  the  upper  bound 
estimate  of  identified  and  undiscovered  recoverable  U.S.  crude-oil 
resources.  Using  the  most  conservative  estimate  results  in  a uranium 
oxide  resource  base  containing  about  334  quadrillion  Btu  of  energy, 
assuming  no  spent  reactor  fuel  recycling,  as  is  the  case  today,  and  a 
0.3  percent  tails  assay. 

It  is  difficult  to  draw  any  firm  conclusions  about  the  potential 
contribution  of  uranium  resources  to  the  U.S.  energy  supply  in  the 
future,  given  the  uncertainty  that  exists  in  uranium  resource  estimates, 
in  estimates  of  the  energy  recoverable  from  those  resources  using  cur- 
rent reactor  technology,  and  indeed,  the  rate  at  which  nuclear  reactors 
will  be  built  in  the  United  States.  Perhaps  the  only  conclusion  that 
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can  be  made  Is  that  while  the  potential  contribution  of  uranium  to  U.S. 
energy  supplies  is  sizable,  it  is  by  no  means  inexhaustible  when  that 
energy  is  delivered  using  current  reactor  technology. 

NONCARBONACEOUS,  RENEWABLE  ENERGY  RESOURCES 

Nuclear  Fission  (Breed _er_  _Re actors) 

The  potential  energy  content  of  the  uranium  oxide  resource  base 
changes  dramatically  if  new  breeder  reactor  technology  is  assumed  to 
be  available.  Breeder  reactors  have  the  capability  of  converting 
abundant  U-238  (the  fertile,  nonf issionable  isotope)  into  fissile 
(fissionable)  plutonium-239  and  uranium-233,  and  thereby  producing  more 
fissionable  fuel  than  they  consume.  This  has  the  dramatic  effect  of 
making  fertile  uranium-238,  the  isotope  which  accounts  for  99.28  per- 
cent of  naturally  occurring  uranium,  potentially  available  as  an  energy 
source,  in  contrast  to  the  0.71  percent  of  naturally  occurring  fission- 
able uranium-235,  which  can  produce  energy  in  light-water  reactors. 

If  all  the  fertile  natural  uranium  could  be  fissioned  using 
breeder  reactor  technology,  theoretically  about  140  times  more  energy 
would  be  potentially  available  than  with  conventional  light-water 
reactor  technology,  or  about  70,000  billion  Btu  of  energy  per  ton  of 
uranium  oxide.  ERbA's  current  estimate  is  that  breeder  reactors  might 
deliver  about  36,000  billion  Btu  of  thermal  energy  per  ton  of  uranium 
oxide,  or  about  72  times  the  energy  release  using  light-water  reac- 
tors. Hence,  using  breeder  reactor  technology,  the  identified  and 

potential  undiscovered  uranium  oxide  resources  noted  in  Table  ]4  would 
represent  about  125,000  quadrillion  Btu,  or  nearly  1700  times  current 
annual  U.S.  energy  consumption  of  all  resources.  Hence,  the  success- 
ful introduction  of  breeder  reactor  technology  could  turn  uranium  into 
a virtually  inexhaustible  domestic  energy  resource. 

Nuclear  Fusion 

The  atomic  fusion  of  two  or  more  of  the  isotopes  of  hydrogen, 
known  commonly  as  hydrogen,  deuterium,  and  tritium,  results  in  the 
formation  of  helium,  the  next  higher  element  on  the  atomic  scale,  and 
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an  enormous  release  of  energy.  Such  reactions  are  responsible  for  the 
huge  quantities  of  energy  radiated  from  our  sun  and  the  stars.  The 
fusion  of  deuterium  and  tritium  into  helium  in  an  uncontrolled  manner 
is  the  basis  for  the  so-called  hydrogen  or  thermonuclear  bomb.  Re- 
search is  under  way  to  develop  the  technology  to  harness  the  energy 
released  by  a controlled  fusion  reaction  to  provide  a useful  source  of 
energy  for  the  future. 

While  the  status  of  this  technology  area  at  present  suggests  that 
it  is  unlikely  that  nuclear  fusion  will  make  any  significant  contribu- 
tion to  U.S.  energy  supplies  during  this  century,  the  interest  in 
fusion  is  understandable  when  one  examines  the  magnitude  of  total 
energy  potentially  available.  In  the  case  of  deuterium  fusion,  the 
potential  energy  content  of  the  deuterium  in  the  world's  oceans  is 

(4) 

about  40  billion  times  the  annual  U.S.  energy  consumption.  The 

available  energy  derivable  from  the  lithium-deuterium  fusion  reaction 
is  more  limited  by  the  availability  of  lithium,  but  still  dwarfs  other 
energy  resources. 

Solar  Energy 

The  solar  radiation  falling  on  the  earth's  surface  could  conceiv- 
ably meet  a major  portion  of  long-term  U.S.  energy  needs  on  a continu- 
ing basis.  It  has  been  estimated  that  the  solar  energy  falling  on  the 

48  contiguous  states  is  roughly  600  times  current  U.S.  energy  consump- 

(95) 

tion.  However,  the  characteristically  low  energy  value  of  the 

solar  flux  and  its  intermittent  nature  pose  significant  collection  and 
energy  storage  problems. 

Some  water  and  space  heating  systems  utilizing  solar  energy  have 
already  been  commercially  introduced  in  the  United  States,  one  of  the 
primary  remaining  obstacles  to  their  widespread  introduction  being  the 
high  initial  capital  costs  for  collector  and  storage  systems.  R&D  on 
electricity  g-neration  using  photovoltaic  cells  is  centering  on  cost 
reduction.  Significant  contributions  from  this  energy  source  will 
probably  require  reductions  in  costs  of  a factor  of  100  or  more. 

Solar  thermal  electric  power  systems  perhaps  offer  more  promise,  al- 
though proponents  expect  no  major  market  penetration  any  earlier  than 
the  late  1980s  at  best. 
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It  is  difficult  to  assess  the  ultimate  contribution  of  other  solar 
energy  systems,  such  as  wind  generators,  tidal  power,  ocean  thermal 
gradient  plants,  etc.  Their  initial  contributions  will  probably  be 
regional  in  nature  at  the  most  favorable  locations. 
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